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Use  of  Indices  in  Estimating 
Peak  Rates  of  Runoff 


BY  THE  HYDRAULICS  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by 
WILLIAM  D.  POTTER 
Chief,  Hydrology  Section 

Every  highway  bridge  or  drainage  structure  is  designed  for  some  estimated 
peak  rate  of  runoff.  If  this  estimate  is  too  high,  the  cost  of  the  structure  will  be 
excessive.  On  the  other  hand,  if  the  estimate  is  too  low,  the  cost  of  maintenance 
and  replacement  ivill  be  excessive.  Somewhere  between  these  extremes  lies  the 
most  economical  design. 

Regardless  of  the  procedures  used  to  determine  the  frequency  with  which  we 
can  afford  to  hare  the  capacity  of  our  structures  exceeded,  the  question  arises 
as  to  how  best  to  estimate  peak  rates  of  runoff  for  selected  frequencies. 

One  of  two  general  lines  of  procedure  may  be  followed.  The  first  of  these  was 
very  popular  at  the  beginning  of  the  century  and  is  still  being  followed  by  many 
highway  departments  today.  It  consists  primarily  of  lumping  the  effects  of  the 
many  variables  that  affect  runoff  into  one  all-embracing  coefficient  which  is  used 
in  some  unsubstantiated  empirical  formula  to  obtain  a  peak  rate  of  runoff  of 
unknown  frequency.  The  computed  peak  rate  is  then  used  as  the  basis  for  the 
hydraulic  design  of  our  highway  structures. 

The  second  line  of  procedure,  anil  the  one  with  which  this  article  is  concerned, 
requires  the  measurement  of  the  principal  factors  that  affect  runoff  and  the 
determination  of  their  relations  to  the  magnitude  and  frequency  of  peak  rates. 
The  problem  of  computing  the  size  of  bridge  required  to  discharge  a  given  flood 
safely  once  the  peak  runoff  is  estimated  is  beyond  the  scope  of  this  article. 


SINCE  the  turn  of  the  century  much  hydro- 
logic  data  have  been  collected  by  such  agen- 
cies as  the  Soil  Conservation  Service,  Geological 
Survey,  and  Weather  Bureau.  These  data  are 
now  available  in  the  form  of  physiographic  and 
topographic  maps,  stream  flow  and  precipitation 
measurements,  and  aerial  photographs.  By  the  use 
of  sound  statistical  procedures  these  data  may  be 
analyzed  to  furnish  reliable  estimates  of  the  mag- 
nitude and  frequency  of  peak  rates  of  runoff  for 
use  in  the  hydraulic  design  of  highway  structures. 

It  is  true  that  the  magnitude  of  any  peak  rate 
of  runoff  is  the  net  result  of  innumerable  hydro- 
logic  factors.  Fortunately  for  engineers,  however, 
the  measurement  of  all  of  these  many  variables  is 
not  necessary  to  obtain  reliable  estimates  of  peak 
rates  for  selected  frequencies  from  watersheds  of 
a  limited  size  range  located  in  the  same  physio- 
graphic area. 

For  any  such  physiographic  area  and  limited 
watershed  and  frequency  ranges  it  should  be  possi- 
ble to  select  three  or  four  topographic,  agronomic, 
or  meteorologic  indices  that  control  to  a  consid- 
erable degree  the  peak  rates  of  runoff  that  could 
be  expected  from  watersheds  within  the  physio- 
graphic area.  It  should  be  kept  in  mind,  however, 
that  these  controlling  indices  may  be  different 
from  those  for  any  other  physiographic  area.  Like- 
wise, these  indices  may  be  different  from  those 
for  other  watersheds  within  the  same  physio- 
graphic area  but  differing  in  size  ranges  or  in 
the  selected  frequencies  of  their  runoff  peaks. 
Even  where  the  controlling  indices  are  found  to 
be   the   same   for   two   physiographic   areas,   their 


relation  to  the  resulting  peak  rate  of  runoff  may 
not  be  the  same  for  the  two  areas. 

For  these  reasons,  the  relations  developed  for 
any  one  physiographic  area  should  not  be  extra- 
polated beyond  specified  size  or  frequency  limits 
nor  should  they  be  applied  outside  of  the  desig- 
nated boundaries  of  the  physiographic  area.  The 
results  of  statistical  analyses  made  of  peak  rates 
of  runoff  from  watersheds  in  two  adjacent  physio- 
graphic areas  are  presented  here  as  partial  verifi- 
cation of  the  foregoing  statements.  It  is  not  within 
the  scope  of  this  article  to  include  the  detailed 
technical  procedures  1  used,  but  rather  to  present 
the  results  of  a  sample  study  in  a  usable  form  and 
to  demonstrate  that  the  reliability  of  estimates 
may  be  greatly  increased  by  an  analysis  of  all 
available  hydrologic  data. 

The  two  physiographic  areas  for  which  these 
analyses  were  made  are  the  Allegheny-Cumberland 
Phteau  and  the  Glaciated  Sandstone  and  Shale 
Areas  of  New  York,  Pennsylvania,  and  Ohio.  The 
relations  established  for  both  areas  are  applicable 
to  mixed-cover  watersheds  ranging  in  size  from 
1,000  to  400,000  acres  and  for  frequency  of  peak 
rates  of  runoff  of  from  once  in  10  to  once  in  50 
years. 

Conclusions 

The  conclusions  that  may  be  drawn  from  the 
statistical  analyses  of  runoff  from  watersheds  in 


i  Rainfall  and  topographic  factors  that  affect  run- 
off, by  W.  D.  Potter.  Transactions  of  American  Geo- 
physical  Union,   vol.   34.   No.   1,   pp.   67-73,   Feb.    1953. 


the  Allegheny-Cumberland  Plateau  and  the  Gla- 
ciated Sandstone  and  Shale  Areas  can  be  stated 
as  follows: 

1.  The  variation  in  the  magnitude  of  10-year 
peak  rates  of  runoff  among  watersheds  in  a  physio- 
graphic area  can  be  satisfactorily  explained  by  the 
selection  of  a  limited  number  of  readily  attainable 
indices. 

2.  The  indices  that  are  applicable  for  one  physio- 
graphic area  are  not  necessarily  those  that  explain 
the  variations  in  peak  rates  of  runoff  from  water- 
sheds in  some  other  area. 

3.  Even  if  these  indices  should  be  the  same  for 
two  physiographic  areas,  their  relation  to  the 
magnitude  of  peak  rates  of  runoff  would  prob- 
ably be  different. 

4.  The  application  of  the  analytical  procedures 
here  developed  to  other  physiographic  areas  would 
greatly  increase  the  reliability  of  stream-flow  esti- 
mates so  essential  for  the  safe  and  economical  de- 
sign of  highway  drainage  structures. 

Allegheny-Cumberland  Plateau 

The  Allegheny-Cumberland  Plateau  is  tenta- 
tively described  by  the  Soil  Conservation  Service 
of  the  U.  S.  Department  of  Agriculture  as  follows: 

The  Allegheny-Cumberland  Plateau,  occupying 
48,708,500  acres,  is  on  the  western  slope  of  the 
Appalachian  uplift.  It  extends  westward  from 
the  Allegheny-Cumberland  front  where  it  passes 
through  central  Pennsylvania,  western  Maryland, 
eastern  West  Virginia,  eastern  Kentucky,  eastern 
Tennessee,  and  north-central  Alabama  to  the 
western  edge  where  it  merges  into  the  central 
basin  of  Ohio  and  the  Highland  Rim  of  Kentucky, 
Tennessee,  and  Alabama.  The  eastern  edge  of 
the  Plateau  top  is  2,500-3,500  feet  above  sea  level 
with  a  few  ridges  or  mountains  extending  to 
3,800-4,000  feet.  The  western  part  is  1,000-1,500 
feet  above  sea  level.  The  Plateau  along  the  east- 
ern edge  has  somewhat  flattened  tops  with  deep 
narrow  stream  gorges.  The  western  part  is  severe- 
ly dissected  into  comparatively  narrow  ridges  and 
V-shaped  valleys  along  which  the  terrace  and 
bottom  lands  have  a  limited  development.  The 
relief  is  gently  undulating  or  rolling  to  hilly  and 
steeply  sloping  with  little  flattish  relief.  It  has 
'a  typical  dendritic  drainage  pattern.  The  rock 
formations  are  mainly  gray  alternating  beds  of 
acid  shale  and  sandstone  with  some  thin-bedded 
limestone  and  calcareous  shale  of  Carboniferous 
Age.  These  formations  are  resting  in  a  clear- 
horizontal  position.  The  slope  of  the  formations 
is  so  gradual  that  except  for  a  few  minor  anti- 
clines and  synclines  it  is  not  noticeable.  The 
land  is  used  as  follows:  18.5  percent,  cultivated; 
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15  percent,  grassland;   50  percent,  woodland;   8  The    climate    is   cool,    temperate,    and    humid.       120  to  150  days  in  the  high  plateau,  and  140  to 

percent,  miscellaneous;  and  about  8.5  percent  is       Winters  are  cold;  summers  mild.   Rainfall  ranges       170  days  from  the  northern  to  southern  part.   Due 
fti  public  ownership.  from   40  to   50   inches.    The   frost-free   season  is       to  steep  relief  the  runoff  is  rapid  in  spite  of  the 


Equation:     Q  •  .038A1170  T*-954W 

W-  Rainfall  factor  from  fig.  2 

T  =  Slope  factor 

Q  -  IO-yeor   discharge   in  c.f.s. 

A  =  Orainage   area  in  acres 


(A) 

500,000-1 
400,000- 


Figure  1. — Nomograph  for  discharge  in  the  Allegheny-Cumberland  Plateau. 
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large  acreage  of  forest  and  grass  cover.  Original 
forest  cover  was  oak,  hickory,  walnut,  poplar,  and 
maple   with   ash,   beech,    birch,   and    hemlock   in 

.ges,  spruce  on  high  elevations,  and  pitch  pine 
.n  southern  reaches.  A  fairly  large  acreage  is  in 
National  and  State  forests. 

The  soils  are  residual.  Under  forest  cover  they 
have  a  thin  mat  of  organic  matter  on  the  surface 
more  or  less  mixed  at  the  bottom  with  mineral 
soil  materials.  This  rests  on  brown  to  gray-brown 
mellow  soil  which  passes  at  about  8  inches  into  a 
yellow-brown  friable  subsoil,  passing  at  24  to  48 
inches  into  partly  disintegrated  parent  material. 
Over  extensive  areas  bedrock  comes  within  the 
3-foot  soil  profile.  Soils  contain  much  shaly, 
channery,  and  flaggy  pieces  of  rock  materials,  and 
in  places  a  noticeable  amount  of  stone,  usually 
sandstone. 

Although  there  is  still  a  considerable  area  in 
forest  and  wood  lots,  much  of  the  land  is  cleared 
and    used    for   general    farming,    dairying,    stock- 


raising  (beef  cattle  and  sheep),  and  orcharding 
(apples).  Under  this  system  of  farming,  a  large 
percentage  of  the  land  is  in  pasture.  Crop  yields 
are  fairly  good  where  manure,  lime,  and  fertiliz- 
ers are  used.  These  practices  are  in  common 
usage.  The  climatic  differences  from  north  to 
south  in  the  stretch  of  some  800  miles  are  respon- 
sible for  variations  in  the  agriculture  of  the  area. 

Standard  Error  of  Estimate 

Simple  correlation 

For  the  area  thus  described  by  the  Soil  Con- 
servation Service,  peak-rate  probability  curves 
were  computed  for  51  mixed-cover  watersheds 
ranging  in  size  from  1,000  to  400,000  acres,  based 
mi  runoff  measurements  of  the  U.  S.  Geological 
Survey  and  the  Soil  Conservation  Service.  The 
runoff  record  available  for  the  majority  of  these 
watersheds  was  for  the  period  1938—48,  and  this 
short   record   was  therefore  selected   for  the  com- 


putation of  the  probability  curves.  The  average 
relation  was  determined  between  the  10-year  peak 
rales  and  the  corresponding  watershed  area.  A 
statistical  analysis  showed  that  67  times  out  of 
100  the  10-year  peak  could  be  expected  to  vary 
from  that  indicated  by  this  relation  by  as  much  as 
35  percent.  In  other  words,  the  standard  error 
was  35  percent.  This  large  standard  error  was  evi- 
dence that  the  variation  of  10-year  peak  rates 
could  not  be  satisfactorily  explained  by  considera- 
tion of  area  alone. 

Multiple  correlation 

Three  additional  variables  were  selected,  two  of 
them  indicative  of  the  precipitation  experienced 
during  the  short  period  of  runoff  record  and  the 
other  indicative  of  topographic  features.  The  pre- 
cipitation indices  were  designated  as  the  P  and 
S  ratios  and  were  computed  from  U.  S.  Weather 
Bureau  records  for  the  period  1938—48.  The  P 
ratios   were  numerical  expressions  of  the   differ - 


—•j.,,^    Boundary  of  Allegheny  -  Cumberland  Plateau 

«».^.«   Zone  Boundary 

—  ioo —    Volues  of  "W"for  use  with  Nomograph  (  Fig  1 ) 

ZONE  2 
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PUBLIC 


Figure  2.— Values  of  W  for  use  with  the  nomograph  (fig.  1)  for  discharge  in  the  Allegheny-Cumberland  Plateau. 
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i  in  es  in  the  intensity  of  precipitation  among 
watersheds  and  the  S  ratio  expressed  the  differ- 
ence in  annual  precipitation  and  the  number  or 
frequency  of  excessive  storms.  The  topographic 
index  was  designated  as  the  T  factor.  It  was 
computed  from  the  topographic  maps  of  the  Geo- 
logical Survey  and  when  considered  with  area  was 
indicative  of  differences  in  watershed  shape,  chan- 
nel storage,  and  time  of  concentration. 

A  multiple  correlation  was  then  computed  in 
which  the  watershed  area  A,  the  P  ratio,  the  S 
ratio,  and  the  T  factor  were  considered  as  inde- 
pendent variables  with  the  10-year  peak  rate  of 
runoff  (q)  as  the  dependent  variable.  A  statistical 
analysis  of  the  relations  determined  by  this  corre- 
lation showed  that  the  standard  error  was  18  per- 
cent. In  other  words,  the  reliability  with  which 
10-year  peaks  could  be  estimated  67  times  out  of 
100  had  been  almost  doubled  over  what  it  had 
been  when  area  alone  was  considered.  The  pro- 
gressive reduction  in  standard  error  as  each  new 
\ariable  was  introduced  into  the  correlation  is  as 
follows: 

Standard  error 
in  percent 

q  VS.  A  _ — 35 

q\s.A  and  T 30 

q  vs.  A,  T,  and  P  21 

q  vs.  A,  T,  P,  and  S - 18 

The  10-year  peak  rates  used  in  this  study  were 
all  predicated  on  short  periods  of  runoff  records. 
They  could  be  indicative  of  future  events,  there- 
fore, only  if  the  factors  that  affected  runoff  dur- 
ing that  short  period  were  representative  of  a 
much  longer  period.  Since  the  topographic  fac- 
tors of  any  watershed  may  be  considered  con- 
stant, the  only  factor  affected  by  the  length  of 


the  period  of  record  would  be  precipitation.  The 
precipitation  indices  P  and  S  were,  therefore, 
recomputed  from  Weather  Bureau  records  cover- 
ing the  longer  period  1915-48.  The  relations  es- 
tablished for  the  short  runoff  period,  as  expressed 
by  the  regression  equation,  could  then  be  utilized 
with  these  long-term  precipitation  indices  to  ob- 
tain new  values  of  10-year  peak  rates.  These  new 
values  would  be  the  peak  rates  that  could  have 
been  expected  from  probability  curves  if  the 
longer  runoff  record  had  been  available. 

Aids  in  Computing  Peak  Rates 

To  facilitate  the  solution  of  the  regression  equa- 
tion a  nomograph  (fig.  1)  and  map  (fig.  2)  were 
prepared  in  which  the  two  precipitation  indices 
were  combined  in  a  single  index  W .  To  use 
these  aids  in  estimating  the  peak  rates  of  run- 
off that  may  be  expected  for  a  10-,  25-,  or  50- 
year  recurrence  interval,  the  procedure  is  as 
follows: 

Area  A. — Determine  the  area  of  the  watershed 
in  acres. 

Precipitation  index  W. — Locate  the  watershed 
on  figure  2  and  select  a  precipitation  index  W 
that  is  the  average  value  for  that  watershed. 

Topographic  index  T. — From  a  U.  S.  Geological 
Survey  topographic  map,  or  any  other  accurate 
contour  map  of  the  watershed,  measure  the  length 
in  miles  of  the  principal  stream  from  the  site 
of  the  proposed  culvert  or  bridge  to  the  head- 
water. The  headwater,  or  uppermost  point  on 
the  stream,  should  be  taken  as  the  point  where  a 
definite  channel  begins  regardless  of  whether  or 
not  streamflow  at  this  point  is  intermittent.  If  a 
U.  S.  Geological  Survey  map  is  used,  the  length 


of  stream  should  include  that  portion  shown  as  a 
broken  blue  line.  Divide  the  length  of  the  prin- 
cipal stream  into  two  reaches,  the  lower  reach 
being  0.7  of  the  total  length  and  the  upper  reach 
the  remaining  0.3.  From  the  contours,  determine 
the  elevation  of  the  stream  channel  at  the  upper 
and  lower  limits  of  each  reach.  Compute  the 
average  slope  of  each  reach  as  the  fall  of  the 
stream  channel  in  feet  divided  by  the  length 
of  channel  in  miles.  Divide  the  length  of  stream 
channel  for  each  reach  measured  in  miles  by 
the  square  root  of  the  corresponding  slope,  and 
add  the  quotients.  This  sum  is  the  topographic 
index  T. 

Use  of  nomograph. — Using  the  nomograph  (fig. 
1)  and  a  straightedge,  connect  area  A  with  rain- 
fall factor  W  and  mark  the  intersection  with  the 
turning  line.  Connect  this  intersection  with  the 
topographic  factor  T  and  extend  the  line  to  the  Q 
scale.  The  intersection  with  the  Q  scale  is  the 
desired  peak  rate  of  runoff  in  cubic  feet  per  sec- 
ond, for  a  10-year  recurrence  interval  (see  exam- 
ple, fig.  1). 

Peak  rates  for  25-  and  50-year  frequencies. — 
To  obtain  the  peak  rate  of  runoff  for  a  25-  or  50- 
year  frequency,  multiply  the  10-year  peak  by  the 
corresponding   coefficient    (fig.   2). 

Glaciated  Sandstone  and  Shale  Area 

The  Glaciated  Sandstone  and  Shale  Area  is 
tentatively  described  by  the  Soil  Conservation 
Service  as  follows: 

The  northern  Appalachian  Plateau  or  glaciated 
portion  of  the  Appalachian  Plateau  is  situated  in 
southern  New  York,  northern  Ohio,  and  northern 
Pennsylvania.  The  plateau  top,  consisting  of  near- 
ly level  plains  and  rolling  hills,  ranges  from  1,200— 
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Figure  3. — Relation  between  area,  topography,  and  runoff  index  for  the  Glaciated  Sandstone  and  Shale  Area. 
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1,500  feet  in  the  western  part  to  1,800-2,500  feet 
in  the  eastern  part.  The  geologic  material  con- 
sists of  acid  gray  sandstone  and  shale  over  much 
of  the  area,  with  red  sandstone  and  shales  in 
the  eastern  part,  and  mixed  alkaline  and  acid 
gray  shales  and  sandstones,  with  some  limestone 
material  along  the  northern  border.  This  is  cov- 
ered by  drift  from  the  Wisconsin  glaciation  con- 
sisting of  bedrock  material  with  little  influence 
from   outside   sources. 

This  is  essentially  a  "double-deck"  country,  con- 
sisting of  a  high  plateau  flattened  to  undulating  to 
rolling,  having  fairly  steep  valley  walls  and  fairly 
broad  valleys  filled  with  till  and  outwash  material. 
The  valley  floors  are  about  1,000-1,200  feet  below 
the  general  plateau  level.  A  considerable  area  of 
the  higher  plateau  is  in  forest  and  a  lesser  area  of 
the  remainder  is  forested. 

The  climate  is  cool,  temperate,  and  humid.  Win- 
ters are  long  and  cold.  Precipitation  ranges  from 
35  to  50  inches  from  west  to  east.  Frost-free  period 
on  the  plateau  top  is  110  to  130  days  and  in  the 
valleys  about  2  to  3  weeks  longer. 

The  soils  on  the  higher  plateau  are  moderately 
deep  to  shallow  and  at  lower  elevations  they  are 
somewhat  deeper.  Soils  are  generally  medium- 
textured,  with  moderately  heavy  subsoils,  and  are 
mainly  acid  with  some  alkaline  and  calcareous 
materials.  Some  areas  are  poorly  drained,  but 
mainly  they  are  excessively  drained.  The  con- 
servation problem  is  moderate  to  severe  water 
erosion,  but  the  main  problem  is  controlling  ero- 
sion on  steep  slopes.  This  is  done  mainly  by 
strip  cropping,  permanent  pasture,  or  reforesta- 
tion. The  land  is  used  for  general  farming,  dairy- 
ing, and  fruit  growing.  On  the  higher  plateau  the 
crops  are  hay,  oats,  buckwheat,  and  potatoes,  and 
on  the  lower  areas  hay,  corn,  wheat,  oats,  potatoes, 
vegetables,  and  fruit.  There  is  much  abandoned 
land  on  the  plateau,  some  of  which  is  being  re- 
forested by  Federal  and  State  agencies,  and  some 
is  being  purchased  for  potato  production  and 
other  private  enterprise. 

The  total  area  is  23.550.000  acres.  Of  this. 
1,325,000  acres  or  5Vj  percent  is  publicly  owned, 
usually  in  State  forest  and  parks;  2,151,000  acres 
or  9  percent  is  miscellaneous;  3,768,000  acres  or 
16  percent  is  in  private  forest;  and  15.909,000 
acres  or  68  percent  is  in  farms.  Of  the  land  in 
farms,  46  percent  is  cropland ;  26  percent  is  grass- 
land (pasture);  20  percent  is  woodland;  and  6 
percent  is  all  other  farm  land. 

Relation  of  Two  Variables 

Following  the  same  general  procedure  for  tin- 
Glaciated  Sandstone  and  Shale  Area,  thus  de- 
scribed by  the  Soil  Conservation  Service,  as  that 
used  in  the  case  of  the  Allegheny-Cumberland 
Plateau,  frequency  curves  were  computed  for 
the  peak  rates  of  runoff  from  17  mixed-cover 
watersheds  gaged  by  the  U.  S.  Geological  Survey 
and  ranging  in  size  from  1,000  to  400,000  acres. 
These  probability  curves  were  based  on  the  short 
period  of  available  runoff  records  starting  with 
1938  and  extending  through  1950.  A  statistical 
analysis  of  the  average  relation  between  the  10- 
year  peak  rate  and  the  corresponding  watershed 
area  showed  a  standard  error  of  46  percent:  that 
is,  67  times  out  of  100,  the  10-year  peak  could  be 
expected  to  vary  from  that  indicated  by  this  rela- 
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Figure    I. — Relation   between   runoff  index,  precipitation,  and  10-year  peak  rate  of  runoff 
for  the  Glaciated  Sandstone  and  Shale  Area. 
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tion  by  as  much  as  46  percent.  This  large  stand- 
ard error  led  to  the  same  conclusion  as  that  made 
in  the  Allegheny-Cumberland  study:  that  the 
variation  of  the  10-year  peaks  among  watersheds 
could  not  be  satisfactorily  explained  by  consid- 
eration of  area  alone. 

Additional  Factors  Considered 

The  two  precipitation  indices  P  and  S,  and  the 
topographic  index  T,  as  described  for  the  Alle- 
gheny-Cumberland Plateau,  were  computed  for 
the  Glaciated  Sandstone  and  Shale  Area.  The 
precipitation  indices  were  based  on  Weather  Bu- 
reau records  and  were  indicative  of  the  precipi- 
tation experienced  during  the  short  period  of 
runoff  record.  In  addition,  a  new  index  K  was 
selected  to  express  the  difference  in  runoff  storage 
among  watersheds.  This  storage  was  defined  as 
the  temporary  or  permanent  storage  occasioned 
by  the  presence  of  swamps,  lakes,  or  reservoirs 
within   the   watershed    or   by   the   overflow   of   the 


lower  reaches  of  the  stream  over  all  or  part   of 
its  flood  plain. 

Graphical  correlations  (figs.  3-5)  were  made 
for  the  addition  of  each  of  these  indices  in  which 
the  10-year  peak  rate  (q)  was  taken  as  the  de- 
pendent variable  and  the  area  of  the  watershed 
and  the  various  indices  as  the  independent  vari- 
ables. The  standard  error  was  computed  for 
each  correlation.  For  the  14  watersheds  that  had 
no  runoff  storage,  it  was  found  that  the  intro- 
duction of  the  topographic  index  T  and  the  pre- 
cipitation index  P  reduced  the  standard  error  of 
the  correlation  to  18  percent.  No  additional  re- 
duction was  obtained  by  the  further  addition  of 
the  second  precipitation  index  S.  For  the  33 
watersheds  that  had  runoff  storage,  however,  the 
effect  of  the  precipitation  indices  was  reversed. 
The  introduction  of  the  topographic  and  storage 
indices  T  and  K  and  the  precipitation  index  S 
reduced  the  standard  error  to  18  percent,  but  no 
additional  reduction  was  obtained  by  the  further 
addition  of  the  precipitation  index  P. 
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Figure  5. — Relation  between  runoff  index,  storage,  precipitation, 
and  10-year  peak  rate  of  runoff  for  the  Glaciated  Sandstone 
and  Shale  Area. 


\.s  in  the  Allegheny-Cumberland  Plateau,  the 
reliability  with  which  10-year  peaks  could  be  esti- 
mated was  materially  increased  by  the  considera- 
tion of  topographic  and  precipitation  indices.  In 
the  Glaciated  Sandstone  and  Shale  Area  this  in- 
crease in  reliability  was  two-and-a-half  times 
what  it  had  been  when  area  alone  was  considered. 
The   progressive  reduction   in   standard   error  as 


each  new  variable  was  introduced  into  the  corre- 
lation is  as  follows: 

Standard  error 
in  percent 

q  VS.  A  46 

q  vs.  A  and  T 41 

q  vs.  A,  T,  and  K 24 

q  vs.  A,  T,  K,  and  P  or  S. 18 


The  relations  established  by  the  correlation 
graphs  (figs.  3-5)  for  the  short  period  of  runoff 
record  were  utilized  to  obtain  10-year  peak  rates 
that  would  be  representative  of  much  longer 
periods.  To  do  this  it  was  necessary  to  recompute 
the  precipitation  indices  from  Weather  Bureau 
records  for  the  longer  period  1915-50.  Maps 
showing  the  areal  variations  of  these  long-term 
P  and  S  indices  (fig.  6)  were  prepared  for  use 
with  the  correlation  graphs. 

Maps  and  Graphs  Utilized 

To  use  these  maps  and  correlation  graphs  in 
estimating  peak  rates  of  runoff  that  may  be  ex- 
pected for  a  10-,  25-,  or  50-year  recurrence  inter- 
val, the  procedure  is  as  follows: 

Area  A. — Determine  the  area  of  the  watershed 
in   acres. 

Topographic  index  T. — From  a  U.  S.  Geological 
Survey  topographic  map,  or  any  other  accurate 
contour  map  of  the  watershed,  determine  the 
topographic  index  T  in  the  manner  outlined  for 
the  Allegheny-Cumberland   Plateau. 

Storage  index  K. — From  a  U.  S.  Geological  Sur- 
vey topographic  map,  or  any  other  accurate  con- 
tour map  of  the  watershed,  measure  the  area  of 
all  swamps,  lakes,  or  reservoirs.  Also,  where  the 
average  width  of  the  valley  bottom  exceeds  a 
quarter  of  a  mile,  a  field  inspection  should  be 
made  to  determine  whether  or  not  flooding  of  the 
valley  is  likely  to  occur.  When  flooding  appears 
likely,  a  determination  of  the  area  that  may  be 
assumed  to  be  covered  by  a  10-year  flood  should 
be  made  from  the  topographic  map.  For  the 
purpose  of  use  with  the  correlation  graph  (fig. 
5) ,  this  flooded  area  should  be  taken  as  the  total 
area  of  the  valley  bottom  where  its  average  width 
exceeds  one  quarter  of  a  mile.  Where  railroads 
or  major  highways  have  been  constructed  on  the 
valley  bottom,  it  may  be  assumed  that  their  em- 
bankments limit  the  extent  of  lateral  flooding  and 
they  may  be  taken  as  one  boundary  of  the  flooded 
area.  The  sum  of  the  areas  of  all  swamps,  lakes, 
reservoirs,  and  flood  plains  divided  by  the  area  of 
the  watershed  expressed  in  the  same  unit  is  the 
storage  index  K.  (In  measuring  the  areas,  a  con- 
siderable saving  of  time  results  from  tracing  the 
boundaries  of  these  areas  on  tracing  paper  as 
one  composite  area  which  can  then  be  planime- 
tered  in  one  operation.) 

Precipitation  index  P. — If  the  storage  index  K 
for  the  watershed  is  zero,  locate  the  watershed 
on  figure  6  and  select  a  precipitation  index  P 
that  is  the  average  value  for  that  watershed. 

Precipitation  index  S. — If  the  storage  index  K 
for  the  watershed  is  greater  than  zero,  locate  the 
watershed  on  figure  6  and  select  a  precipitation 
index  S  that  is  the  average  value  for  that  water- 
shed. 

Use  of  graphs. — To  determine  the  10-year  peak 
rate  of  runoff,  enter  figure  3  with  the  watershed 
area  and  move  vertically  up  the  graph  to  the  value 
on  the  T  scale  corresponding  to  that  computed  for 
the  watershed.  Move  horizontally  across  the  graph 
to  the  ordinate  scale  and  record  the  indicated  run- 
oft  index. 

If  the  value  of  K  for  the  watershed  is  zero, 
enter  figure  4  with  the  runoff  index  and  move 
horizontally  across  the  graph  to  the  value  on  the  P 
scale  corresponding  to  that  selected  for  the  water- 
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_^. ■  Boundary  of  Glaciated   Sandstone  and  Shale  Areo 

— -ioo Values  of   Precipitation  Index,  S. 


Figure  6. — Precipitation  factors  P  (above)  and  S  (below)  for  the  Glaciated  Sandstone  and  Shale  Area. 
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shed.  Move  vertically  down  the  graph  to  the 
abscissa  qu>  scale  and  record  the  indicated  10-year 
peak  rate  of  runoff  in  cubic  feet  per  second  per 
acre.  Multiply  this  value  by  the  area  of  the 
watershed  in  acres  to  obtain  the  10-year  peak  in 
cubic  feet  per  second. 

If  the  value  of  K  for  the  watershed  is  greater 
than  zero,  enter  figure  5  with  the  runoff  index  and 
move  horizontally  across  the  graph  to  the  value 
on  the  K  scale  corresponding  to  that  computed 
for  the  watershed.  Move  vertically  down  the 
graph  to  the  selected  value  of  S  as  read  on  the 
S  scale  and  thence  horizontally  across  the  graph 
to  the  ordinate  qw  scale.  Record  the  indicated 
10-year  peak  rate  of  runoff  in  cubic  feet  per  second 
per  acre  and  multiply  this  value  by  the  area  of 
the  watershed  in  acres  to  obtain  the  10-year  peak 
in  cubic  feet  per  second. 

Peak  rates  for  25-  and  50-year  frequencies. — ■ 


For  watersheds  where  K  is  zero,  multiply  the  10- 
year  peak  rate  by  1.22  to  obtain  the  25-year  peak 
or  by  1.39  to  obtain  the  50-year  peak  (fig.  4). 
For  watersheds  where  K  is  greater  than  zero, 
select  from  the  tabulation  on  figure  5  coefficients 
for  25-  and  50-year  peaks  corresponding  to  the 
value  of  K  computed  for  the  watershed.  Multiply 
the  10-year  peak  rate  by  these  coefficients  to  ob- 
tain the  25-  or  50-year  peak. 

Reliability  of  Estimates 

It  has  already  been  shown  that  67  times  out  of 
100  the  10-year  peak  rates  of  runoff  from  water- 
sheds within  the  two  physiographic  areas  here 
considered  may  be  expected  to  vary  from  estimates 
derived  through  the  use  of  the  nomograph  (fig. 
1)  or  graphs  (figs.  3—5)  by  not  more  than  18  per- 
cent.   This  degree  of  reliability  of  the  estimates 


may  be  considerably  increased  by  the  exercise  of 
judgment  on  the  part  of  the  design  engineer.  The 
descriptions  of  the  physiographic  areas  are  de- 
scriptions of  the  topography,  soils,  or  cover  that 
apply  to  the  average  watershed  within  the  area. 
These  factors  may  vary  considerably  from  the  av- 
erage for  any  individual  watershed.  The  design 
engineer  should  think  of  the  values  derived  from 
the  graphs  as  being  bounded  by  18-percent  upper 
and  lower  bands  within  which  he  is  to  exercise  his 
own  judgment.  If,  for  instance,  an  inspection  of  a 
watershed  shows  the  depth  (and  hence  the  water- 
holding  capacity)  of  the  soil  to  be  considerably 
less  than  that  described  as  average,  he  might 
be  justified  in  increasing  the  value  obtained  from 
the  graphs  by  as  much  as  18  percent.  Conversely 
if  the  soils  were  found  to  be  deeper  or  more  por- 
ous than  described  for  the  average,  he  might  re- 
duce the  graph   peaks  by  a  like   percentage. 
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Design  of  Channel  Shear  Connectors 

for  Composite  I-Beam  Bridges 


Reported  by1  IVAN  M.  VIEST,  Research  Assistant  Professor 
of  Theoretical  and  Applied  Mechanics,  and 

CHESTER    P.   SIESS,   Research   Associate    Professor 
of  Civil  Engineering,  University  of  Illinois 


In  a  composite  I-beam  bridge,  a  rigid  connection  between  the  concrete  slab  and 
the  steel  beams  increases  the  stiffness  of  the  bridge  and  permits  use  of  smaller 
beams  than  would  otherwise  be  required.  The  connection  has  a  two-fold  purpose — 
to  prevent  movement  between  the  slab  and  the  beams,  and  to  transfer  horizontal 
shear  from  one  element  to  the  other.  Such  a  connection  may  be  obtained  by  the 
use  of  channels  welded  to  the  top  flanges  of  the  beanis  and  embedded  in  the 
concrete. 

In  this  article  a  procedure  for  the  design  of  flexible  channel  shear  connectors 
for  composite  I-beam  highway  bridges  is  developed  from  data  obtained  in  studies 
conducted  at  the  University  of  Illinois.  Equations  are  provided  for  use  in  the  case 
of  construction  with  shoring  and  also  in  the  case  of  construction  tvithout  shoring. 
The  procedure  is  illustrated  by  an  example. 


BRIDGES  composed  of  steel  I-beams  support- 
ing a  reinforced  concrete  slab  may  be  built 
either  with  the  slab  resting  freely  on,  or  rigidly 
connected  to,  the  beams.  A  rigid  connection  be- 
tween the  slab  and  the  beams  will  increase  con- 
siderably the  stiffness  of  the  bridge  and,  if  con- 
sidered in  the  design,  will  permit  the  use  of  a 
smaller  I-section  than  would  be  required  for  a 
noncomposite  design  (ref.  3)  .2  In  such  a  compo- 
site bridge  the  external  loads  are  carried  both  by 
the  beams  and  by  the  slab  acting  as  a  heavy  flange 
of  the  steel  beams.  The  necessary  connection  be- 
tween the  beams  and  the  slab  may  be  obtained  by 
means  of  mechanical  shear  connectors  attached  to 
the  top  flange  of  the  beams  and  embedded  in 
the  concrete  of  the  slab.  The  twofold  purpose  of 
this  connection  is  to  prevent  movement  between 
the  slab  and  the  steel  beams  and  to  transfer  hori- 
zontal  shear  from  one  element  to  the  other. 

Various  types  of  shear  connectors  have  been 
proposed  and  used.  In  general,  they  may  be 
divided  into  three  categories: 

1.  Rigid  connectors  such  as  square  steel  bars 
attached  to  the  top  flange  of  the  I-beams; 

2.  Flexible  connectors  such  as  steel  channels 
attached  to  the  top  flange  of  the  I-beams; 

3.  Bond  connectors  such  as  reinforcement  bars 
attached  to  the  top  flange  of  the  I-beams  in  the 
form  of  loops  or  longitudinal  helixes. 

The  flexible  connector,  made  of  a  short  piece 
of  rolled  steel  channel  with  one  flange  welded  to 
the  beam  and  the  other  embedded  in  the  slab, 
has  been  the  subject  of  extensive  experimental 
studies  conducted  at  the  University  of  Illinois  in 
cooperation  with  the  Illinois  State  Division  of 
Highways  and  the  Bureau  of  Public  Roads  (refs. 


1  This  article  is  a  report  of  an  investigation  con- 
ducted by  the  Engineering  Experiment  Station  of  the 
University  of  Illinois  in  cooperation  with  the  Illinois 
State  Division  of  Highways  and  the  Bureau  of  Public 
Roads. 

2  Italic  numbers  in  parentheses  refer  to  the  list  of 
references  on  page  15. 


4,  6) .  Numerous  tests  of  individual  connectors, 
as  well  as  tests  of  composite  beams  with  a  series 
of  connectors,  have  been  made  to  obtain  qualita- 
tive and  quantitative  data  on  the  behavior  of  the 
connectors  and  on  the  influence  of  variations  in 
the  dimensions  of  the  channel  and  the  properties 
of  the  concrete  on  the  load-carrying  capacity  of 
channel  connectors. 

In  this  article  a  procedure  for  the  design  of 
flexible  channel  shear  connectors  for  composite  I- 
beam  highway  bridges  is  developed  on  the  basis 
of  the  data  obtained  from  the  Illinois  tests.  The 
procedure  is  illustrated  by  a  numerical  example 
on  page  16. 

Considerations  for  Design 
Behavior  of  Composite  T-beams 

The  advantages  of  a  composite  concrete  and 
steel  T-beam  as  compared  to  a  noncomposite 
beam  of  the  same  dimensions  are  twofold:  First, 
at  a  given  load  the  deformations  and  therefore  also 
the  stresses  in  the  composite  structure  are  smaller; 
second,  the  ultimate  load  for  the  composite  beam 
and  the  deflection  at  which  the  ultimate  load  is 
reached  exceed  substantially  those  for  the  non- 
composite  beam — in  other  words,  the  composite 
structure    is    tougher.    The    advantages    of   com- 


posite action  are  fully  realized  only  if  the  shear 
connection  is  strong  enough  to  prevent  large  slip 
between  the  I-beam  and  the  slab  and  thus  to  in- 
sure full  composite  action  at  all  levels  of  load- 
ing, up  to  the  ultimate  load.  If,  to  the  contrary, 
the  shear  connection  permits  large  slip  at  the 
contact  surfaces  of  the  beam  and  the  slab,  the 
composite  action  is  incomplete,  the  deformations 
at  a  given  load  are  larger  than  in  a  fully  composite 
structure  of  the  same  dimensions,  and  the  ulti- 
mate load-carrying  capacity  is  smaller.  (Sup- 
porting experimental  evidence  can  be  found  in 
refs.  4A,  6F.) 

In  order  to  insure  full  benefit  of  the  composite 
action,  the  design  procedure  presented  in  this 
article  is  based  on  the  requirement  of  full  com- 
posite  action  at  all  levels  of  loading.  Such  a 
procedure  requires  a  knowledge  of  the  ultimate 
flexural   capacity  of  a   composite  T-beam. 

The  behavior  of  a  composite  steel  and  concrete 
T-beam  subjected  to  a  continuously  increasing 
load  may  be  divided  into  three  stages.  During  the 
first  stage,  both  the  beam  and  the  slab  are  elastic. 
The  strain  distribution  and  the  stress  distribution 
are  approximately  linear  throughout  the  beam. 
The  end  of  this  stage  is  reached  when  the  maxi- 
mum stress  in  the  beam  reaches  the  yield-point 
value.  During  the  second  stage  of  loading,  the 
yielding  of  the  beam  spreads  upward  into  the 
web  toward  the  top  flange  and  along  the  bottom 
flange  toward  both  supports,  and  the  stresses  in 
the  slab  enter  the  plastic  range.  The  load  in- 
creases throughout  this  stage  of  loading  and  the 
deformations  increase  at  an  increasing  rate.  At 
the  end  of  this  stage,  the  concrete  slab  fails  by 
crushing  in  compression  and  the  load-carrying 
capacity  of  the  T-beam  is  thereby  decreased  con- 
siderably. If  the  load  is  allowed  to  decrease,  the 
beam  reaches  a  new  equilibrium  at  a  substan- 
tially lower  load,  and  tht>  third  -tage  of  loading 
follows. 


CASE  I 


CASE  n 


Neutral  axis 
case  I-s 


Neutral  axis 
case  II 


Tension 

fyp— 


Con'O'-i'iSiOn 


T  =  C 
Muk  =  Txr  =  C  x  r 

Figure  1. — Idealized  distribution  of  stress  in  composite  T-beam  at  ultimate  load. 
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NOTATION 


Ac  = 

A„  = 

Ec  = 

E,  = 

Cm  = 

f'c  = 

/..  = 

/n,„  = 

/.  = 

J  HP  = 

7   W  "= 

A  = 

/  = 


Cross-sectional  area  of  the  portion 
of  the  concrete  slab  considered 
to  act  with  the  I-beam  (infi). 

0.707  weld  size  X  weld  length; 
effective  area  of  the  weld  (in.2). 

modulus  of  elasticity  of  concrete 
(p.s.i.) . 

modulus  of  elasticity  of  steel 
(p.s.i.) . 


Mll 


Cs  = 


So. 

17' 


Cr=lE±. 
Vll 


fti 


compressive  strength  of  concrete 
determined  from  the  tests  of  6  X 
12-in.  cylinders  (p.s.i.). 

maximum  pressure  on  concrete  ad- 
jacent to  a  channel  shear  connec- 
tor   (p.s.i.). 

maximum  steel  stress  in  the  web 
of  a  channel  connector  (p.s.i.). 

allowable  steel  stress  (p.s.i.) . 

yield-point  stress  of  steel  in  chan- 
nels  (p.s.i.). 

yield-point  stress  of  steel  in  beams 
(p.s.i.) . 

maximum  thickness  of  channel 
flange    (fig.  2)     (in.). 

minimum  thickness  of  channel 
flange   (fig.  2)    (in.). 

moment  of  inertia  of  a  composite  T- 
beam  computed  from  the  area  of 
the  steel  beam  and  the  trans- 
formed area  of  the  slab,  Ac/n 
(in.'). 

1.6 


n 

Q 

Qa 

Q. 


77  +  1- 


Mun  =  resisting  moment  of  a  composite  T- 
beam   at  ultimate  load    (fig.   1) 
(in.-lb.) . 
Mdl   =  maximum   moment   caused   by   the 

dead  load   (in.-lb.) . 
Mll   =  maximum   moment   caused  by  the 
design   live   load,   including  im- 
pact (in.-lb.). 
=  EJEc. 

=  load  on  shear  connector    (lb.). 
=  design    load    on    shear    connector 

(ft.). 
=  load    on    shear    connector    corre- 
sponding to  first  yielding  of  the 
connector   (lb.). 
Max.  Q  =  the  numerically  largest  load  on  a 
connector   under   moving   design 
load    (lb.). 
Min.  Q  =  the    numerically    smallest    or    the 
largest  load  of  opposite  direction 
to  that  of  Max.  Q  on  a  connector 
under  moving  design  load   (lb.) . 
s         =  spacing  of  shear  connectors   (in.). 
Sc       =  section  modulus  of  a  composite  T- 
beam  computed  from  the  area  of 
the    steel    beam    and    the    trans- 
formed  area   of   the   slab,   Ac/n 
(in.s). 
section  modulus  of  a  steel  I-beam 

(in.'). 
M„tt If, „,;   plastic  section  modulus 
of   a   composite   T-beam    (corre- 
sponding   to    stress    distribution 
shown  in  fig.  1)   (in.'). 
thickness  of  the  web  of  a  channel 
shear   connector    (fig.   2)     (in.). 
vertical   shear   on   a   composite   T- 
beam  (lb.). 


St 


V       = 


Vdo»  =  maximum  vertical  shear  on  a  com- 
posite T-beam  at  any  point  along 
the  beam  caused  by  the  design 
load  (lb.) .  In  computing  the 
design  load  for  shear  connectors 
(equation  7),  Vtes  =  Vll  should 
be  used  for  composite  beams 
built  without  shoring  and  Va<?a  = 
Vdl  +  Vll  should  be  used  for 
composite  beams  built  with  shor- 
ing. 

Kuit  =  maximum  vertical  shear  at  any 
point  along  the  beam  caused  by 
the  ultimate  flexural  load    (ft.). 

F'uit  =  maximum  vertical  shear  on  a  com- 
posite T-beam  at  any  point  along 
the  beam  caused  by  the  portion 
of  the  ultimate  flexural  load 
which  contributes  to  the  load 
acting  on  shear  connectors  (lb.). 
For  a  T-beam  built  without  shor- 
ing, F'uit  =  Fun  — Vdl;  and  for 
a  T-beam  built  with  shoring, 
Puit  =  P.it. 

Vdl  =  vertical  shear  at  any  point  of  the 
bridge  caused  by  the  dead  load 
(ft.). 

Vll  =  maximum  vertical  shear  at  any 
point  of  the  bridge  caused  by 
moving  design  live  load,  includ- 
ing impact   (ft.) . 

w  =  length  of  a  channel  shear  connector 
(in.). 

yc  =  distance  between  the  center  of 
gravity  of  the  concrete  slab  and 
the  neutral  axis  of  the  composite 
section   (in.) . 


The  beam  carries  the  maximum  load  at  the  in- 
stant of  crushing  of  the  slab.  The  corresponding 
moment  is  called,  in  this  article,  the  ultimate  mo- 
ment-carrying capacity  of  the  T-beam.  It  has  been 
shown  by  comparisons  with  the  results  of  tests 
that  the  ultimate  moment  and  load  may  be  com- 
puted approximately  on  the  assumption  of  the 
idealized  distribution  of  stress  shown  in  figure  1 
(ref.  6G) .  At  this  stage,  the  neutral  axis  of  the 
composite  section  may  be  located  either  in  the 
slab,  case  I  in  figure  1,  or  in  the  I-beam,  case  II 
in  figure  1.  It  is  assumed  in  both  cases  that 
the  compressive  stresses  in  the  slab  are  uniformly 
distributed  and  equal  to  the  concrete  cylinder 
strength  /',-,  and  the  tensile  stresses  in  the  steel 
I-beam  are  uniformly  distributed  and  equal  to  the 
yield  point  stress  /'„,,.  It  is  assumed  further  in 
case  I  that  the  concrete  slab  cannot  carry  any 
tension,  and  in  case  II  that  the  compressive 
stresses  in  the  steel  I-beam  are  distributed  uni- 
formly and  are  equal  to  the  yield-point  stress  f'vp. 
The  effects  of  the  reinforcement  in  the  slab  are 
neglected  in  both  cases.  With  the  aid  of  these 
assumptions,  the  position  of  the  neutral  axis  may 
be  determined  from  the  condition  of  equilibrium 
of  horizontal  forces,  and  the  ultimate  moment- 
carrying  capacity  may  be  found  from  the  condi- 
tion of   the  equilibrium  of  moments    (fig.   1). 


Behavior  of  channel  shear  connectors 

A  cross-section  of  a  flexible  channel  shear  con- 
nector is  shown  in  figure  2.  The  lower  flange  of 
the  channel  is  connected  rigidly  to  the  I-beam 
and  the  entire  connector  is  embedded  in  the 
concrete  of  the  slab.  When  the  connector  is  load- 
ed, the  lower  flange,  because  of  the  rigid  connec- 
tion and  stiffness,  can  neither  ben4  nor  rotate 
independently  of  the  supporting  beam.  The  flexi- 
ble web  deflects  as  a  dowel.  Accordingly,  the 
distribution  of  pressure  on  the  adjacent  concrete 
is  uniform  adjacent  to  the  stiff  flange  and  non- 
uniform adjacent  to  the  flexible  web.  The  pressure 
distribution   adjacent   to  the  connector  is  shown 


Figure  2. — Distribution  of  load  on  channel. 


in  figure  2  as  a  dashed  line.  It  can  be  seen  that 
the  pressure  is  concentrated  at  the  end  attached 
to  the  beam  and  that  the  magnitude  of  the  pres- 
sure decreases  rapidly  with  the  distance  from 
this  end.  At  the  upper  end  of  the  channel,  both 
the  pressure  and  the  deflection  or  rotation  of  the 
web  are  usually  so  small  that  the  conditions  at 
this  end  may  be  neglected  in  discussing  the  be- 
havior of  a  channel  connector. 

When  the  load  is  applied  to  a  channel  connec- 
tor, the  connector  exerts  pressure  on  the  adjacent 
concrete.  The  connector  is  deformed  and  the  con- 
crete is  compressed.  The  result  of  compressing 
the  concrete  is  a  relative  movement  between  the 
slab  and  the  connector  and,  in  turn,  a  movement 
between  the  slab  and  the  beam.  The  pressure 
distribution  diagram  indicates  that  the  relative 
movement  of  the  connector  is  largest  at  the  lower 
flange  (fig.  2).  The  movement  of  the  lower 
flange  is  accompanied  by  deformations  of  the  web. 
As  those  deformations  are  limited  to  sections 
of  the  web  located  close  to  the  lower  flange,  the 
total  deflection  of  the  web  at  the  junction  with 
the  lower  flange  must  necessarily  remain  small 
as  long  as  the  stresses  in  the  channel  are  elastic, 
or  until  crushing  of  the  concrete  permits  the  web 
to  deform  over  a  greater  length.  Thus  as  long  as 
the  steel  of  the  connector  does  not  yield  and  the 
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concrete  of  the  slab  does  not  crush,  the  relative 
movement  between  the  channel  and  the  slab,  and 
therefore  also  the  slip  between  the  beam  and 
the   slab,   remain   small. 

Crilieal  stress 

The  maximum  sliest  in  a  channel  connector, 
/,.„.  is  located  at  the  junction  of  the  lower  flange 
and  the  web,  and  the  maximum  pressure  on  the 
concrete,  fco,  is  located  adjacent  to  the  lower 
flange  of  the  channel.  The  magnitude  of  these 
maximum  stresses  may  be  evaluated  with  the  aid 
of  I  he  idealized  equivalent  pressure  distribution 
shown  in  figure  2  as  a  cross-hatched  area. 

The  total  pressure  on  the  concrete  must  be 
equal  to  the  load  Q  acting  on  the  connector.  It 
follows  from  figure  2  that  the  maximum  pressure 
on  the  concrete  is: 


fco 


(1) 


(  h  +  %  t)  w 

If  the  connector  is  considered  to  be  a  cantilever 
fixed  at  its  lower  end  and  loaded  with  the  cross- 
hatched  area,  the  maximum  stress  in  the  connec- 
tor is: 


Ana*  = 


ki  (h  +  Vo  t)  w 


(2) 


where: 


1.6 


fa  =  fcrt 


1.; 


(3) 


The  quantity  k\  is  an  empirical  coefficient  evalu- 
ated from  the  tests  of  channel  shear  connectors. 
(Equations  1  and  2  were  obtained  originally  by 
simplification  of  more  complex  theoretical  for- 
mulas. Ref.  6D). 

It  has  been  explained  in  the  preceding  discus- 
sion that  the  slip  between  the  slab  and  the  beam 
of  a  composite  T-beam  will  be  small  as  long  as 
the  stresses  in  the  channel  remain  in  the  elastic 
range  and  the  concrete  does  not  crush.  Thus  the 
limiting  stress  for  the  steel  is  the  yield-point 
stress  and  the  limiting  pressure  for  the  concrete 
is  that  which  causes  crushing. 

Only  the  concrete  adjacent  to  the  lower  flange 
nf  the  channel  is  subjected  to  high  pressure.  This 
high  pressure  is  localized  on  a  very  small  area  of 
the  slab  so  that  the  concrete  at  this  location  is  in 
a  state  of  confined  compression.  It  is  known  that 
concrete  under  such  state  of  stress  can  resist 
stresses  appreciably  greater  than  its  cylinder 
strength.  Furthermore,  the  magnitude  of  this 
pressure  depends  on  the  deformation  of  the  chan- 
nel web.  Since  the  deformations  of  the  web  are 
small  until  the  commencement  of  yielding  of  the 
steel,  it  seems  unlikely  that  crushing  of  the  con- 
crete would  occur  before  the  connector  has 
yielded. 

The  tests  of  channel  shear  connectors  have 
shown  conclusively  that  yielding  occurs  before 
crushing  of  the  concrete.  In  all  tests  of  individual 
shear  connectors,  the  load  causing  first  yielding 
:>f  the  channel  was  reached  without  any  visible 
signs  of  distress  in  the  concrete  (ref.  6B) .  Further- 
more, the  maximum  test  loads  on  all  specimens 
were  substantially  higher  than  the  loads  at  first 
yielding  of  the  channels  (table  1),  and  in  most 
specimens  no  apparent  signs  of  distress  in  the 
concrete  could  be  observed  in  the  vicinity  of  the 


Table    1. — Load   capacity    of   channel   shear 

connectors  beyond  first  yielding  of 

connectors  l 


Channel 
size 

Concrete 
strength 

«»l. 

Q»p 

3-in. 
4-in. 
4-in. 
4-in. 
4-in. 
4-in. 
4-in. 
4-in. 
4-in. 
5-in. 

4.1-lb. 

P.s.i. 
3,310 
2,070 
2,810 
6,320 
2,650 
2,300 
5.050 
2,170 
2,670 
3,260 

2.98 
2.57 
2.48 
2.96 
2.36 
2.06 
3.26 
1.76 
2.21 
2.62 

5.4-lb. 

5.4-lb.- 

5.4-lb.      

5.4-lb.- 

7.25-lb. 

7.25-lb. 

7.25-lb.3 

13.8-lb.    . 

6.7-lb. 

1   Loads   Qult    and   Q       on   shear   connectors   measured 

in   the  test  of   push-out  specimens    (ref.   ff.4). 

-  Connector   was   4    inches   long ;   all   other   connectors 

were  6  inches  long. 

::  Specimen    had    a    concrete    fillet    between    the    I-beam 

and  the  slab. 

region  of  high  compressive  stresses  even  at  the 
maximum  loads  (ref.  6C) .  Thus  the  critical  stress 
foi  an  individual  shear  connector  is  the  yield- 
point  stress,  and  the  corresponding  limiting  load- 
carrying  capacity  of  a  shear  connector  may  be 
computed   from  equation  2. 

Conclusions 

Two  major  conclusions  may  be  drawn  from  the 
investigations  which  are  the  basis  for  the  pre- 
ceding discussions: 

1.  In  a  composite  steel  and  concrete  T-beam, 
it  is  desirable  that  full  composite  action  be  re- 
tained at  all  levels  of  loading,  up  to  the  ultimate 
load. 

2.  If  the  shear  connection  consists  of  flexible 
channel  shear  connectors,  full  composite  action 
will  be  retained  as  long  as  the  stresses  in  the 
connectors   do   not   exceed  the  yield   point. 

Any  procedure  for  the  design  of  channel  shear 
connectors  based  on  these  two  requirements  must 
necessarily  be  an  ultimate  design  procedure, 
since  it  requires  an  evaluation  of  the  capacity  of 
the  connectors  corresponding  to  the  ultimate 
moment-carrying  capacity  of  the  T-beam.  Never- 
theless, since  current  procedures  for  the  design  of 
I-beam  bridges  are  based  on  working  stresses  and 
not  on  ultimate  capacity,  it  is  desirable  to  base  the 
design  of  connectors  also  on  working  stresses.  This 
can   be   done   by  modifying   the   ultimate   design 


equations  through  the  use  of  certain  conversion 
factors,  as  shown  in  the  following  paragraphs. 

Load  Capacity  of  Channel  Shear 
Connectors 

Capacity  at  ultimate  load  on  beam 

When  the  load  applied  to  a  composite  T-beam 
reaches  the  full  moment  capacity  of  the  beam, 
the  maximum  steel  stress  in  the  connectors  should 
not  exceed  the  yield-point  stress: 

/max     =     fyp .._.. - __. ...  (4) 

The  load  on  the  shear  connectors  at  this  stage 
may  be  found  from  equation  2  by  substituting 
from  equations  4,  3.  and  1  for  fmay,  fa,  and  /<■„: 

=  —0.9  + 


(  h    +    l/2    /  )     Wf'r 


V  0.81  +  1.6  /„„//'c  .(5) 

Equation  5  is  shown  graphically  as  a  solid  line 
in  figure  3,  in  which  the  quantity  on  the  left  side 
of  the  equation  is  plotted  against  the  ratio  fVP/f'c 
For  structural  steel  with  a  specified  yield-point 
stress  of  33,000  p.s.i.,  and  for  concretes  having 
compressive  strengths  varying  from  2,500  to  5,000 
p.s.i.,  the  ratio  jVP/j'c  varies  from  6.6  to  13.2. 
Within  this  range,  which  represents  most  prac- 
tical conditions,  equation  5  may  be  replaced  by 
the  simpler  expression : 


V  /„,//'« 


(6) 


<h  +  y2 1)  wj'c 

Equation  6  is  shown  in  figure  3  as  a  broken 
line.  It  can  be  seen  that  within  the  practical  range 
of  values  for  fyP/j'c  the  maximum  difference  be- 
tween the  loads  given  by  equations  5  and  6  is 
lessN  than  5  percent,  and  for  a  range  of  fVP/f'c 
from  5.5  to  30  (corresponding  to  fVP  between 
33,000  and  60,000  p.s.i.,  and  /'«  between  2,000 
and  6,000  p.s.i.)  the  maximum  difference  is  less 
than  10  percent.  For  the  common  value  of 
/„,//'„  =  9.43  (fy„  =  33,000  p.s.i.,  /'«,  =  3,500 
p.s.i.)  the  two  equations  yield  practically  identical 
results. 

The  loads  computed  from  equation  6  are  com- 
pared with  the  results  of  tests  of  individual  shear 
connectors  (ref.  6A)  in  figure  4.  The  computed 
loads  were  obtained  from  equation  6  for  fVP  = 
33,000  p.s.i.  and  for  the  actual  concrete  cylinder 
strengths  for  the  particular  specimens.   The  meas- 


Figure  3. — Variation  of  yield  capacity  of  channel  connectors  with  ratio  f>P/f ' 


PUBLIC   ROADS    •    Vol.   28,   No.    1 


11 


1 

ti 

50 
40 
30 
20 
10 
n 

Computed    OyP  =  (h  +  yjOwfj; 

/33.000  ps  i. 

o%x/   _ 

Measured   0 
maximum 
110  x  I0'! 

'C 

^p  :  load  corresponding  to 
measured  steel  strain 
(ref.  6A) 

•y 

- 

'3 

/ 

¥    • 

V-I0%     - 

/ 

s 

- 

_^comp  =  ^me 

a%y     R 

an 
f'c 

qe  ot  variobles; 
1,970  -  6,320  p  s  i. 

H         '      — 

W77mJT 

_J 

t 

h 

H 

0.170  -  0.500  in 
0  377  -  0.944  in. 
4  0  -  8  0  in. 
3.0  -  5.0  in. 

1 

20 

Measured   Qyp  in 


30  40 

1,000  pounds 


50 


Figure  4. 


-Comparison  of  computed  and  measured  yield 
capacities  of  channel  connectors. 


ured  loads  are  those  giving  a  measured  maximum 
strain  in  the  connector  web  of  110  X  10-6, 
corresponding  to  a  stress  of  33,000  p.s.i.  In  spite 
of  the  wide  range  of  variables  included  in  this 
figure,  all  data  group  well  around  the  line  repre- 
senting   Q,„,a,UTci    —    (?computed. 

Capacity  at  design  load 

If  it  is  assumed  that  the  connection  between 
the  beam  and  the  slab  of  a  composite  T-beam 
is  furnished  only  by  the  individual  connectors, 
the  load  on  any  connector  is  the  product  of  the 
horizontal  shear  per  unit  length  of  the  beam  and 
the  spacing  s  of  the  connectors.  As  long  as  the 
stress  distribution  in  the  T-beam  is  elastic,  the 
load  on  a  connector  may  be  computed  from  the 
equation: 


Q  _  VA.y. 


nl 


(7) 


to  the  factor  of  safety  of  the  composite  T-beam 
against  ultimate  load,  the  magnitude  of  the  ratio 
in  equation  8  may  be  evaluated  from  the  moment 
capacities  of  the  T-beam  at  ultimate  and  at  design 
loads.  The  relation  between  the  shears  and  mo- 
ments is  different  for  beams  built  without  tempo- 
rary supports  and  for  beams  built  with  temporary 
supports.  Therefore  these  two  cases  will  be 
treated  separately. 

Beams  without  shoring 

If  a  composite  T-beam  is  built  without  any 
temporary  supports,  the  steel  I-beam  must  carry 
both  its  own  dead  load  and  the  weight  of  the 
slab.  Thus  the  shear  connectors  are  required  to 
resist  only  the  live  loads,  and  equation  8  may  be 
written  in  the  following  form: 

QVP     _    V„„—Vn, 
Qa.  Vll 


-<9) 


If  a  portion  of  the  beam  has  yielded,  equation 
7  gives  approximately  correct  values  of  the  loads 
acting  on  shear  connectors  located  at  sections  of 
the  T-beam  at  which  yielding  did  not  occur, 
whereas  the  load  is  somewhat  higher  on  the  con- 
nectors located  at  sections  at  which  the  beam 
has  yielded.  However,  overstressing  of  a  few  con- 
nectors is  not  critical  from  the  standpoint  of  com- 
posite action  (ref.  6H) .  Thus  equation  7  may  be 
used  for  computing  the  loads  on  connectors  both 
at  working  and  ultimate  loads.  This  makes  it 
possible  to  compute  the  ratio  of  the  loads  on  a 
connector  at  first  yielding  of  the  connector,  Qvp, 
to  that  at  the  design  load,  Qt,.,  as  the  ratio  of  the 
corresponding  vertical  shears: 


It  can   be  shown   that   the  relation   between    the 
shear  and  moments  may  be  written  as: 


Vm 


Mm,  —Mdl 
Mll 


(10) 


By  definition : 


M«, 


SPi  f'„  and  Mll  =  Sc  /. 


1  + 


So  Mb 

S,   Ml 


Ms,,: 


Ml 
Ml 


=  Cm      and 


.SY 
S, 


=  Ca. 


If  these  expressions  are  substituted  into  equations- 
10  and  9,  the  ratio  of  loads  on  a  shear  connector 
may  be  expressed  in  the  form: 


/', 


(1  +  CCv)  —Ct, 


(11)' 


Vvp    — 

<2d,5       Sc    f, 

For  structural  steel  for  highway  bridges,  /.  = 
18,000  p.s.i.  and  /'„„  =  33,000  p.s.i.  The  ratio  of 
the  plastic  to  the  elastic  section  modulus,  SPi/Sc, 
depends  on  the  dimensions  of  the  slab  and  the 
beam,  on  the  ratio  n  of  the  moduli  of  elasticity  of 
steel  and  concrete,  on  the  cylinder  strength  of 
the  concrete,  and  on  the  yield-point  stress  of  the 
steel  beams.  The  magnitude  of  this  ratio  has  been 
computed  for  a  wide  range  of  standard  wide- 
flange  beams  of  structural  steel  combined  with 
concrete  slabs  of  various  sizes  and  strengths. 

Representative  results  of  these  studies  are  pre- 
sented in  table  2.  It  can  be  seen  that  for  T-beams 
in  which  the  compressive  stresses  at  ultimate  are 
carried  by  the  slab  alone,  that  is,  the  neutral  axis 
lies  above  the  top  flange  of  the  steel  beam  (case  I 
in  fig.  1),  the  ratio  SPi/Sc  varies  approximately 
from  1.38  to  1.49.  For  T-beams  in  which  the  neu- 
tral axis  at  ultimate  intersects  the  steel  section, 
that  is,  the  steel  beam  is  not  used  to  full  tensile 
capacity  because  a  portion  of  the  compressive 
forces  has  to  be  resisted  by  the  steel  beam  (case 
II  in  fig.  1),  the  value  of  the  ratio  SPi/Sc  de- 
creases with  decreasing  contribution  of  the  slab 
to  the  resisting  compressive  forces.  The  lower 
limit  for  this  case  is  a  steel  I-beam  without  any 
slab,  for  which  the  ratio  Spi/Sc  varies  approxi- 
mately from  1.10  to  1.20,  depending  on  the  pro- 
portions of  the  I-beam  section.  In  most  practical 
applications,  the  relative  proportions  of  the  slab 
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Figure  5. — Cross  section  (see  table  2). 


Table  2. — Ratios  of  plastic  section  moduli  to  elastic  section  moduli  for  composite  T-beam* 


V?de« 


fun 

Fie. 


(8) 


Beam 

Spi>sc     <f'yp  =  33.°<>0  P-s-i) 

Cross-section  type  A,l       f'c  as  given  below 

Type  B,i 
1'c  =  3,000  p.s.i. 

Type  C,l 
f'a  -  3,000  p.s.i. 

2,000  p.s.i. 

3,000  p.s.i. 

5,000  p.s.i. 

16WF36 

21WF73 

30WF116 

36WF150 

36WF300 

1.48 

1.43 

2  1.37 

2  1.35 

2  1.26 

1.45 

1.47 

1.42 

1.39 

2  1.29 

1.38 

1.46 

1.44 

1.42 

2  1.32 

1.45 
1.49 
1.45 
1.43 
2  1.30 

1.42 
1.49 
1.47 
1.45 
2  1.30 

If  it  is  desired  that  the  factor  of  safety  against 
first  yielding  of  shear  connectors  be  at  least  equal 


1  See  figure  5  for  cross-section  dimensions. 

2  At   ultimate   load  a   portion   of   the  compressive   forces    is   resisted  by 
other   cases   all   compression    is   resisted   by   the   slab    (fig.   1,  case  I). 


t!  i    steel  I-beam    (fig.   1,  case  II)  ;   in  all 
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and  the  I-beam  will  be  such  that  at  ultimate 
load  the  neutral  axis  will  be  located  in  the  slab. 
Thu-  the  ratio  SPi/Sc  will  vary  within  relatively 
narrow  limits  and  may  be  replaced  in  equation 
11  by  a  value  of  1.45  without  introducing  any 
serious  error. 

If  the  shear  connectors  are  made  of  structural 
steel,  that  is  jyp  =.  33,000  p.s.i.  and  if.  in  addi- 
tion. /'„  =  33,000  p.s.i.  and  /„  =  18,000  p.s.i., 
and  if  QVP  is  substituted  from  equation  6,  then 
equation  11  may  be  written  in  the  following  form: 


are  carried  by  the  composite  section  and  the 
shear  connectors  must  resist  both  dead  and  live 
load.   Equation  8  may  then  be  written  as: 


0"    -   _ 


F„„ 


(13) 


The  relation  between  the  shear  and  the  moments 
may  be  expressed  as: 

Valt 


<2de„ 


Vll  +  Vm. 

Malt 


(h  +  %  t)  w  /', 


0.8  +  (0.8  Cs  —  0.3)  C 


_./3000  p.s.i. 

»v      7c — 


a  +  Cu)—Cu  +  Cv 

Mll  +  Mm (14) 

1  +  Cv 


(12)        where: 


Equation  12  is  a  design  formula  for  channel 
shear  connectors  for  beams  built  without  shores. 
For  any  particular  composite  T-beam  the  quan- 
tities Cst,  Cs,  and  /'«  are  assumed  to  be  known 
in  advance  of  the  design  of  shear  connectors,  and 
the  right-hand  side  of  equation  12  is  therefore 
known.  To  simplify  the  use  of  equation  12,  values 
of  th  +  V-2  t)  for  the  steel  channels  now  being 
rolled  are  listed  in  table  3.  Because  of  the  assump- 
tions made  in  its  derivation,  and  because  of  the 
limits  of  the  experimental  evidence  on  which  it 
is  based,  equation  12  is  applicable  only  to  flexible 
channel  shear  connectors  made  of  rolled  channels 
of  structural  steel  attached  to  rolled  wide-flange 
I-beams,  also  of  structural  steel.  It  is  applicable 
only  to  channels  at  least  3  inches  deep  and  having 
a  length  w  not  less  than  six  times  the  maximum 
thickness  of  the  channel  flange  h   (ref.  6E) . 

Beams  with  shoring 

If  a  composite  T-beam  is  built  with  temporary 
supports,  both   the  dead   load   and   the  live  load 


/-  Mdl   „„  I      r  Vdl 

Lu  =  — —  and     Lv  =  - — • 
Mll  Vll 

By  definition,  MaH  =  SPif'VP  and  (Mll  + 
Mdl)  =  Scfs.  Thus  equation  13  may  be  writ- 
ten as: 

JPl      /    yp 

n  ^T  ~f     ( 1  "I"  Cm)  —  Cn  -\-  Cv 

<J""   ■  (15) 


<2«es 


1  +  Cr 


and  for  beams  and  shear  connectors  made  of 
structural  grade  steel  the  equation  for  the  design 
load   is: 


Qdes 


(h  +  y2 1)  wfc 

l  +  Cv 
0.8  +  0.5  Cm  +  0.3  Cv 


3,000  p.s.i. 


y  /3,000 

K"7 


(16) 


For  any  particular  composite  T-beam,  Cn  is  a 
constant  but  Cv  varies  from  point  to  point  along 
the  span.  Thus  the  use  of  equation  16  would  re- 
sult   in    a   rather   cumbersome   design.     However, 


Table  3. — Relative  efficiency  of  channel  shear  connectors 


Channel  type 
and  size 

Dimensions! 

Relative 
efficiency 

of 
channels  2 

h  +  y2 1 

h 

h' 

American  Standard: 
3-inch : 
4.14b. 

In. 

0.462 
.506 
.555 

.503 
.573 

.545 
.613 

.587 
.644 
.706 

.628 
.680 
.733 

.546 
.640 

.781 

.570 
.678 
.610 
.708 
.717 

.708 
.729 
.804 

In. 

0.377 
.377 
.377 

.413 
.413 

.450 
.450 

.487 
.487 
.487 

.523 
.523 
.523 

.390 
.390 

.531 

.413 
.521 
.440 
.521 
.530 

.521 
.554 
.554 

In. 

0.170 
.170 
.170 

.180 
.180 

.190 
.190 

.200 
.200 
.200 

.210 
.210 
.210 

.313 
.313 

.469 

.337 
.429 
.330 
.429 
.420 

.429 
.446 
.446 

Percent 

100 
90 

82 

82 
70 

72 
62 

63 
54 

48 

57 
48 
44 

68 
63 

50 

42 
38 
35 
38 
35 

36 
34 
31 

5.14b 

6.0-lb 

4-inch: 

5.4-lb. 

7.25-lb 

5-inch : 

6.7-lb 

9.0-lb. 

6-inch : 
8.2-lb 

10.5-lb. 

13.04b 

7-inch: 
9.8-lb.      . 

12.254b. 

14.754b. 

Car  Building: 
3-inch : 
7.14b 

9.0-lb.      .  . 

4-inch: 
13.8-lb. 

Ship  Building: 

6-inch : 

12.0-Ib. 

15.14b. 

15.34b. 

16.34b. 

18.0-lb. 
7-inch: 
17.6-lb 

19.14b. 

22.74b. 

1  Dimensions  h,  h',  and  t  are  show 
-  Expressed  as  a  percentage  of  the 
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n  in  figure  2. 
capacity  of  the  3-in 

>.     1 

,  4.1-lb.  channel. 

the  design  procedure  would  become  much  more 
simple  if  the  variable  parameter  Cv  could  be  re- 
placed by  a  constant.  It  can  be  shown  that  for 
Cv  =  0,  which  represents  the  lowest  possible 
value  of  Cv,  equation  16  yields  the  minimum 
values  of  Qt*,.  Accordingly,  the  following  equa- 
tion will  yield  a  conservative  value  of  Q,w,  for 
composite  T-beams  built  with  shoring: 

Qitt 


(h  +  y2t)  wfo 

2 


/3.000  p.s.i.  M_. 

us-fcZy—fT  ~(17) 

Equation   17  may  be  obtained  from  equation   12 
by  setting  Cs   =    1. 

Repeated  Loading 

The  design  equations  12  and  17  are  based  on 
tests  and  on  strengths  and  allowable  stresses  re- 
lating only  to  short-time  static  loading.  However, 
shear  connectors  in  a  bridge  are  subjected  to  re- 
peated loading,  and  connectors  located  close  to 
midspan  are  subjected  to  full  reversal  of  stress 
for  each  passage  of  a  vehicle.  It  is  important, 
therefore,  to  determine  whether  a  design  based 
on  equations  12  and  17  will  be  safe  also  from  the 
standpoint  of  repeated  loading. 

The  critical  stresses  at  the  design  load  may  be 
computed  from  equations  12  or  17,  and  equations 
1,  2,  and  3.  The  absolute  upper  limit  for  the 
maximum  stress  in  the  concrete  (Cm  =z  0,  Cs  = 
1)    may  be  expressed  as: 


=  1.25 


/3,000  p.s.i.  (18) 

r  /  e 

and  the  upper  limit  for  the  maximum  stress  in 
the  steel  may  be  expressed  as: 


/„„ 


1.25  f'c 


. 


3,000  p.s.i.  qo,\ 

~~Tc~ 


Since  both  of  these  critical  stresses  are  functions 
solely  of  the  cylinder  strength  of  the  concrete, 
their  magnitude  may  easily  be  evaluated  for  the 
practical  range  of  variables.  This  was  done  and 
the  results  are  compared  with  safe  values  for 
repeated  loading  in  figure  6. 

In  figure  6A  the  values  computed  from  equa- 
tion 18  are  compared  with  the  results  of  repeated 
load  tests  of  small-scale  composite  T-beams  (ref. 
4B) .  In  the  majority  of  these  tests  the  dimensions 
of  the  channels  were  such  that  equation  1  for  the 
maximum  pressure  on  the  concrete  was  applicable. 
Thus  the  pressure  on  the  concrete  could  be 
evaluated  and  the  fatigue  strength  of  the  connec- 
tors determined  in  terms  of  fco/f'c  This  has  been 
done  for  specimens  failing  at  600,000  repetitions 
of  load  or  less  (ref.  5)  and  the  limiting  curve 
obtained  from  these  studies  is  included  in  figure 
6A.  It  should  be  mentioned,  however,  that  with 
the  possible  exception  of  concrete  strengths  in 
the  neighborhood  of  2,000  p.s.i.,  the  fatigue  failure 
occurred  in  the  channels  and  not  in  the  concrete. 
In  other  words,  the  fatigue  strength  of  the  concrete 
adjacent  to  the  channel  was  even  higher  than 
that  indicated  in  figure  6A. 

The  fatigue  strength  of  the  channel  shear  con- 
nectors in  terms  of  the  maximum  steel  stress 
could  not  be  determined  from  the  small-scale  ex- 
periments, since  the  dimensions  of  these  speci- 
mens were  such  that  equation  2  was  not  strictly 
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applicable.  Therefore,  the  values  computed  from 
equation  19  are  compared  in  figure  6B  with  the 
allowable  steel  stress  for  full  reversal  of  loading 
(ref.  1). 

It  can  be  concluded  from  the  comparisons 
shown  in  figure  6  that  connectors  designed  accord- 
ing to  equations  12  or  17  will  be  safe  from  the 
standpoint    of   repeated   loading. 

Spacing  and  Cover 
Spacing 

The  design  load  for  a  shear  connector  computed 
from  equation  7  should  not  exceed  the  capacity 
of  the  connector  given  by  equations  12  or  17. 
Thus,  for  a  known  size  of  channel,  the  required 
spacing  s  may  be  evaluated  from  equations  7  and 
12  or  17.  Since  the  maximum  vertical  design 
shear  F,i,.s  varies  along  the  lengths  of  the  beam, 
and  since  it  would  seldom  be  advisable  to  vary 
the  size  of  the  connectors,  the  spacing  of  the 
connectors  obtained  by  this  procedure  will  vary 
along    the    beam. 

A  shear  connector  is  required  not  only  to 
transfer  the  horizontal  shear  from  the  slab  to  the 
beam  but  also  to  tie  the  slab  and  the  beam  to- 
gether in  the  vertical  direction.  If  the  spacing 
of  the  connectors  is  not  excessive,  the  upper 
flange  of  the  channel  provides  an  effective  tie- 
down.  The  tests  of  full-size  composite  T-beams 
indicated  that  a  spacing  of  18  inches,  equal  to 
three  times  the  thickness  of  the  slab,  was  satis- 
factory, whereas  a  spacing  of  36  inches,  equal  to 
six  times  the  thickness  of  the  slab,  was  unsatis- 
factory from  the  standpoint  of  vertical  tie-down 
(ref.  6J) .  It  is  recommended  that  the  maximum 
spacing  of  channel  shear  connectors  be  not 
greater  than  four  times  the  thickness  of  the  slab, 
but  in  no  case  greater  than  24  inches. 

Cover 

The  concrete  adjacent  to  the  channel  flange 
connected  to  the  beam  is  subjected  to  localized 
high  compressive  stresses  which  can  be  sus- 
tained only  if  sufficient  restraint  is  offered  by  the 
flange  of  the  beam  and  by  the  surrounding  con- 
crete subjected  to  smaller  stresses.  It  is  important, 
therefore,  that   a   sufficient   cover  of  concrete   be 
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provided  at  the  ends  of  the  channel.  It  is  believed 
that  a  2-inch  cover  will  offer  the  necessary  re- 
straint. (Some  test  data  relating  to  this  ques- 
tion may  be  found  in  ref.  6C) .  For  the  same  rea- 
son, the  connector  should  be  shorter  than  the 
width  of  the  flange  of  the  I-beam,  and  it  is  recom- 
mended that  the  connector  should  not  extend 
closer  than  1  inch  to  the  edge  of  the  beam  flange 
— that  is,  the  length  of  the  connector  should  be  at 
least  2  inches  less  than  the  width  of  the  flange. 
Furthermore,  if  the  slab  is  built  with  a  concrete 
fillet  between  the  I-beam  and  the  main  body  of 
the  slab,  the  width  of  this  fillet  should  be  at  least 
4  inches  more  than  the  length  of  the  connector. 
If  the  slab  is  built  with  a  concrete  fillet  be- 
tween the  I-beam  and  the  main  body  of  the  slab, 
shearing  stresses  of  considerable  magnitude  exist 
in  this  fillet.  It  is  desirable,  therefore,  that  the 
connectors  extend  some  distance  into  the  main 
body  of  the  slab.  It  is  recommended  that  this 
distance  be  at  least  2  inches,  and  preferably  3 
inches. 

Design  of  Connecting  W  elds 

The  most  common  method  of  connecting  a 
shear  connector  to  the  top  flange  of  an  I-beam 
is  by  welding.  In  all  tests  made  at  the  University 
of  Illinois,  the  connection  was  made  by  continu- 
ous welds  extending  the  full  width  of  the  channel 
at  both  the  heel  and   toe. 

Static  loading 

Tests  of  individual  shear  connectors  indicated 
that  the  ultimate  strength  of  the  welded  connec- 
tion may  be  estimated  as  the  product  of  the 
throat  area  of  the  welds  and  80,000  p.s.i.  (ref. 
6C) .  The  allowable  stress  specified  by  the  current 
specifications  (ref.  2)  is  12,400  p.s.i.  Thus  the 
factor  of  safety  against  failure  of  welds  designed 
for  the  allowable  stress  and  for  the  full  load 
capacity  of  the  connector  is  6.4  at  working  loads, 
and  at  least  2.4  at  first  yielding  of  the  connectors. 
Since  the  ratio  of  the  ultimate  strength  to  the 
yield  strength  of  the  connector  itself  varies  ap- 
proximately from  2.0  to  3.0  (table  1),  the  corre- 
sponding minimum  value  of  2.4  for  welds  seems 
to  be  reasonable.    Thus,  the  effective  area  of  the 


welds  for  shear  connectors  may  be  computed  as: 
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Figure  6, — Variation  of  f,„/f\  and  f„,aJ-  with  concrete  strength  at  design  load. 
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Aw  -"  12,400  p.s.i. 
Repeated  loading 

Current  specifications  (ref.  2)  require  that  the 
effective  area  of  welds  subject  to  repeated  load- 
ing  be: 

A    .-=>  Max-  Q  -' '-  Min"  Q  <21) 

10.000  p.s.i. 

In  this  formula  the  terms  "Max."  and  "Min."  re- 
fer to  the  maximum  and  minimum  loads  on  shear 
connectors.  "Max."  refers  to  the  numerically 
greater  load  and  should  always  be  taken  as  a  plus 
quantity.  If  the  minimum  load  has  opposite  di- 
rection to  that  of  the  maximum  load,  the  "Min."' 
should  be  taken  as  a  minus  quantity.  The  magni- 
tudes of  the  Max.  Q  and  Min.  Q  should  be  com- 
puted from  equation  7;  in  this  equation  V  should 
be  the  maximum  or  minimum  shear  caused  by 
that  portion  of  the  design  loads  acting  on  the 
bridge  which  contributes  to  the  load  acting  on 
shear  connectors,  and  5  the  actual  spacing  of  the 
shear  connectors. 

Size  of  welds 

The  maximum  allowable  size  of  welds  is  gov- 
erned by  the  dimensions  of  the  channel.  The 
weld  on  the  front  of  the  channel  cannot  be  higher 
than  the  minimum  thickness  of  the  channel  flange, 
h'  (fig.  2).  The  height  of  the  weld  on  the  back 
of  the  channel  is  also  limited  since  it  is  unde- 
sirable for  the  weld  to  extend  to  the  section  of 
maximum  steel  stresses  in  the  channel.  It  is  rec- 
ommended, therefore,  that  the  weld  on  the  back 
of  the  channel  be  always  at  least  one-eighth  inch 
lower  than  h.  Values  of  h  and  h'  for  various 
channels  are  listed  in  table  3. 

Relative  Efficiency  of  Channels  of 
Various  Sizes 

The  load-carrying  capacity  of  a  channel  shear 
connector  is  proportional  to  the  sum  of  the  maxi- 
mum flange  thickness  h  and  one-half  of  the  web 
thickness  f  (equations  12  and  17).  Thus  the  con- 
tribution of  the  web  to  the  load-carrying  capacity 
of  the  connector  is  relatively  small.  Furthermore, 
the  capacity  is  independent  of  the  depth  of  the 
channel.  Since  the  value  of  h  for  rolled  channels 
varies  only  from  0.377  inch  for  the  lightest  to 
0.554  inch  for  the  heaviest  types  suitable  for 
shear  connectors,  it  may  be  expected  that  from 
the  standpoint  of  steel  economy  alone  the  lightest 
channels  will  be  the  most  efficient.  This  point  is 
illustrated   in   table  3. 

In  the  last  column  of  table  3,  termed  "Relative 
efficiency  of  channels,"  the  relative  load-carrying 
capacity  per  pound  of  steel  in  the  channel  is 
listed  for  various  channels  as  a  percentage  of  the 
capacity  of  the  lightest  channel.  It  is  evident  from 
this  table  that  the  efficiency  generally  decreases 
with  increasing  weight,  whereas  for  any  particu- 
lar depth  of  channel  the  lightest  channel  is  the 
most  efficient. 

The  load-carrying  capacity  of  a  channel  con- 
nector increases  also  with  increasing  strength  of 
concrete.  In  practical  design,  however,  the 
strength  of  concrete  is  governed  by  other  con- 
siderations and  for  the  design  of  connectors  is  a 
fixed  quantity.    Thus  the  designer  will  generally 
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be  able  to  vary  the  capacity  of  the  connector  only 
by  varying  the  dimensions  and  the  spacing  of  the 
connectors. 

Concluding  Remarks 

The  procedure  for  the  design  of  channel  shear 
connectors  presented  in  this  article  is  based  on 
the  assumption  that  all  of  the  horizontal  shear  at 
the  junction  between  the  concrete  slab  and  the 
steel  I-beams  is  transferred  through  the  shear 
connectors.  At  working  loads  this  assumption 
may  be  overly  conservative  since  bond  may  exist 
between  the  two  elements.  If  bond  is  present 
initially,  there  is  some  evidence  from  both  field 
and  laboratory  that  the  presence  of  strong  shear 
connectors  can  prevent  the  destruction  of  this 
bond  under  service  conditions.  It  is  unlikely, 
however,  that  the  bond  would  survive  any  serious 
overstress  of  the  structure,  and  once  the  bond  is 
broken  it  cannot  be  restored.  It  is  therefore  the 
opinion  of  the  authors  that  the  mechanical  shear 
connectors  should  be  designed  for  full  horizontal 
shear. 

The  tests  of  small-scale  T-beams  have  demon- 
strated that  the  presence  of  bond  increases  sub- 
stantially the  fatigue  life  of  the  shear  connectors 
(ref.  4C) .    All  specimens  tested   in   fatigue  were 


(/)   American  Association  of  State  Hichway 
Officials 
Standard  specifications  for  highway  bridges. 
American  Association  of  State  Highway  Officials, 
Washington,  D.  C,  1949,  art.  3.6.5. 

(2)  American  Welding  Society 

Standard  specifications  for  welded  highway 
and  railway  bridges.  American  Welding  Society, 
New  York,  1947. 

(3)  Siess,  C.  P. 

Composite  construction  for  I-beam  bridges. 
Transactions  of  the  American  Society  of  Civil 
Engineers,  New  York,  vol.  114,  1949.  pp.  1023-1045. 

(4)  Siess,   C.   P.,  Viest,   I.   M.,   and   Newmark, 

N.  M. 
Studies  of  slab  and  beam  highway  bridges, 


built  with  shear  connectors,  and  in  most  speci- 
mens the  bond  between  the  steel  beam  and  the 
concrete  slab  was  broken  before  the  fatigue  test 
was  begun,  with  the  result  that  all  of  the  horizon- 
tal shear  was  carried  by  the  shear  connectors.  In 
a  few  specimens,  however,  the  bond  failed  only 
during  the  fatigue  tests;  and  in  two  specimens 
the  bond  remained  unbroken  throughout  the  tests. 
These  specimens  with  bond  withstood  more  repe- 
titions of  load  than  the  corresponding  specimens 
without  bond,  and  the  two  specimens  in  which  the 
bond  did  not  break  at  all  withstood  over  2,000.000 
repetitions  of  load  without  any  signs  of  damage. 
Since  it  is  most  probable  that  bond  exists  in  ac- 
tual structures,  at  least  for  some  time,  it  might  be 
possible  to  relax  the  design  requirements  based 
on  repeated  loading.  It  can  be  seen  from  the 
previous  paragraphs  that  such  a  provision  would 
affect  only  the  design  of  welds. 

The  analysis  on  which  the  design  procedure  is 
based  contains  empirical  parameters  determined 
from  the  tests  of  channel  shear  connectors.  Conse- 
quently, the  use  of  this  procedure  must  be  limited 
to  channel  shear  connectors  within  the  range  of 
variables  included  in  the  tests.  Fortunately,  the 
range  of  variables  in  the  tests  was  great  enough 
to  accommodate  all  channels  deeper  than  3  inches. 
It   i-  possible  that   the  procedure  might   be  appli- 
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cable  also  to  some  other  rolled  steel  -.nape.^.  How- 
ever, any  such  extension  of  the  applicability  of  the 
procedure  would  have  to  be  substantiated  by  tests. 
The  procedure  for  the  design  of  chanmel  shear 
connectors  and  its  limitations  may  be  summarized 
as  follows: 

1.  For  composite  beams  built  without  tempo- 
rary supports,  flexible  channel  shear  connectors 
made  of  structural  steel  and  attached  to  wide- 
flange  beams  made  of  structural  ^feel  may  be 
designed  according  to  equation  12. 

2.  For  composite  beams  built  with  temporary 
supports,  channels  made  of  structural  steel  at- 
tached to  wide-flange  beams  made  of  structural 
steel  may  be  designed  according  to  equation  17. 

3.  The  spacing  of  the  connectors  should  be 
determined  from  equation  7.  and  should  not  be 
greater  than  four  times  the  dab  thickness,  or  24 
inches. 

4.  The  length  of  channel  connectors  should 
not  be  greater  than  the  width  of  t-he  supporting 
flange  of  the  I-beam  minus  2  inches. 

5.  If  the  slab  is  built  with  a  concrete  fillet  be- 
tween the  I-beam  and  the  main  body  of  the  slab, 
the  width  of  the  fillet  should  be  at  least  4  inches 
more  than  the  length  of  the  connectors.  The  con- 
nectors should  extend  at  least  2  inches  above 
the  bottom  of  the  main  body  of  the  dab. 


part  IV:  Full-scale  tests  oj  channel  shear  con- 
nectors and  composite  T-beams.  University  of 
Illinois  Engineering  Experiment  Station  Bulletin 
No.  405,  Urbana.  1952. 

(6A)  Bulletin  405,  table  5,  pp.  26-27. 

(6B)  Bulletin  405,  section  12,  pp.  28-45. 

(6C)  Bulletin  405,  section  15,  pp.  53-55. 

(6D)  Bulletin  405,  section  27,  pp.  74-76. 

(6E)  Bulletin  405,  section  28,  pp.  76-78. 

(6F)  Bulletin  405,  sections  38-41,  pp.  98-118. 

(6G)  Bulletin  405,  table  24,  p.  116. 

(6H)  Bulletin  405,  section  42,  pp.  118-123. 

(6/)  Bulletin  405,  section  44,  pp.  124-126. 


PUBLIC   ROADS   •   Vol.   28,   No.    1 


IS 


Basic  information 

Span  of  beams:    60  ft. 

Beam  spacing:    6  ft. 

For  effective  slab  width,  see  A.A.S.H.O.  Specifica- 
tions, 1949,  Art.  3.9.2. 

Structural  grade  steel. 

Concrete  strength:    3,000  p.s.i. 

Beams  not  shored  during  construction. 

Loading:    H20-S16-44. 

Allowable  stresses  (A.A.S.H.O.  Specifications, 
1949,  revised  1950) : 

Steel:     f,  =  18,000  p.s.i. 
Concrete:      /,.  =  1.200  p.s.i. 
n  =  10. 

Cross-section  of  T-beam: 


72"- 


13  56' 


35.84" 


28  26 


J 


^—  Neutral  axis 
36"  WF  150* 


11972 


I  =  18,700  in4 
Sc  =  661.7  in.3 
St  =  502.9  in.3 


Design  of  shear  connectors 

Horizontal  shear  (equation  7)  : 

Q„e,  __V12  X  6  (13.58—3.00) 
s  10  X  18,700 

Vertical  shear  at  end : 


0.0244  V. 


V  =  (16,000^6,000^  +  14 
5.5  60  5.5 


4,000  60~28  )  (1  + 


50 


60  '    60  +  125 

Vertical  shear  12  ft.  from  end: 


)  =  40,300  lb. 


y  _  M  ( 16,000  60~12   +  16,000 

"    5.5  60 

60  -12  -14       4Q00  60  -12  -2  X  14  } 


60 


60 


ILLUSTRATIVE   EXAMPLE 


(1+- 


50 


)  =  32,600  lb. 


60  —12  +  125 
Vertical  shear  24  ft.  from  end: 

F=M(  16,000  6l^2i  +  16,000 
5.5  60 

60-24-14 


60 

60  —24  —2  X  14 
60 


)   X  1.3  =  22,700  lb. 


Use  3-in.,  4.1-lb  channel  of  maximum  allowable 
length  w  =  11.97  —  2  ^  10  in. 
From  table  3:   h  +  %*  =  0.462. 
From  the  design  of  beams: 

C„  =  M2L  =  0.483;  Cs  =^-=  1.316. 

Mll  S, 

From  equation  12: 


(?..,.    = 


0.462  X  10  X  3,000 
0.8  +  (0.8  X  1.316  —0.3)  0.483 


/ 


M9?  =  n,9io  lb. 

3,000 


Spacing  at  end: 

11,910 


0.0244  X  40,300 
Spacing  12  ft.  from  end: 

_  11,910 

0.0244  X  32,600 

Spacing  24  ft.  from  end: 

s_  11,910 

0.0244  X  22,700 

Spacing  diagram  : 


=  12.1  in. 


15.0  in. 


=  21.6  in. 


X 


X 


-l3'i 


i2  a  i'-o" 

!2'-0" 


10  ®   I'- 3" 
l2'-6"  — 


3@l-9 
~5'-3"- 


Connecting  welds 

Weld  area  required  at  end: 

Vm„  =  40,300  1b.;     VmlB  =  0. 


From  equation  7:    <?,„.„  =  0.0244   X   40.300 
X   12  =   11,800  lb.;     ()„,,„  =  0. 

.-_    11,800  1    ,o    •       o 

A^  — '- =  1.18  in.- 

10,000 

Weld  area  required  12  ft.  from  end : 
Vm„z=  32,600  lb.; 

Fmln=M  (16,000^=12 
5.5  60 

—16,000)   X  1.3  =  —4,540  lb. 

(?m»»  =  0.0244  X  32,600  X   15  =  11,930  lb. 
(?m.n  =  —0.0244  X  4,540  X  15  -  —1.660  lb. 
^  11.930 +  %  1^60  =I-28in  2 
10,000 

Weld  area  required  24  ft.  from  end: 
Vm„  =  22,700  lb. 

F,„,„  =—  ( 16,000  60  ~24  +  16,000 
5.5  60 

60—24+14 

60 

—2  X  16,000)   X  1.3  =  —12,860  lb. 

(?,„  =  0.0244  X  22,700  X  21  =  11,630  lb. 
(?„„„  =  —  0.0244  X  12,860  X  21  =  — 6,5901b. 
.4=*  11.630 +  %  6,590  o 

10,000 
Weld  area  required  at  midspan: 

Fmax  =  —  Vml 


» 


^(16,000^=3° 
5.5  60 


+  16,00060~30~14+  4,000 
60 

60  —30  —2  X  14 


60 


)   X  1.3  =  17,590  lb. 


<?m,x   =  —  <?mm  =  0.0244   X    17,590    X    21 
=  9,010  lb. 

^  9,010  +  %  9,010         35      , 
10,000 

Area  available  with  'Me-'n.  weld  at  the  heel  and 
toe  of  channel, 

A  =  0.707   X   3/ie   X  2    X    10  =  2.65  inA 
is  sufficient. 
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Estimate  of  User  Taxes  Paid  by  Vehicles 

in  Different  Type  and  Weight  Groups 


BY  THE  DIVISION  OF  RESEARCH 
BUREAU  OF  PUBLIC  ROADS 


In  this  article  an  estimate  is  made  of  the  amounts  of  State  highway-user  taxes 
paid  by  vehicles  of  different  types  and  general  size  groups.  Of  the  total  of 
$3,088  million  of  State  motor-vehicle  tax  payments  made  in  1952,  fuel-tax  pay- 
ments accounted  for  $1,968  million  or  64  percent;  registration-fee  payments, 
$910  million  or  29  percent;  motor-carrier  tax  contributions,  $64  million  or  2 
percent;  and  drivers'  licenses,  miscellaneous  fees,  etc.,  $146  million  or  5  percent. 

Comparisons  established  in  this  study  show  that  passenger  cars  represented 
83  percent  of  all  motor  vehicles  registered,  accounted  for  81  percent  of  the  traffic 
on  our  highways,  and  contributed  65  percent  of  total  State  road-user  tax  pay- 
ments. If  panel,  pickup,  and  other  light  trucks  are  combined  with  passenger 
cars  the  percentages  become  93,  89,  and  74,  respectively.  Medium  and  heavy 
trucks  and  combinations  accounted  for  6  percent  of  the  registrations,  10  percent 
of  the  traffic,  and  contributed  24  percent  of  the  road-user  payments.  Tractor- 
semitrailers  and  truck-trailers  included  in  the  preceding  group  accounted  for 
1  percent  of  the  registrations,  3  percent  of  the  travel,  and  12  percent  of  user-tax 
payments.  Buses  accounted  for  less  than  1  percent  of  the  registrations  and 
travel,  and  2  percent  of  the  user-tax  payments. 

On  the  basis  of  highway-user  tax  payments  per  mile  of  travel,  passenger  cars 
and  light  trucks  paid  one-half  cent  per  mile,  buses  paid  1.6  cents,  and  medium 
and  heavy  trucks  and  combinations  paid  1.5  cents.  The  rate  for  truck  combina- 
tions alone  is  slightly  more  than  2  cents  per  mile  of  travel,  tractor-semitrailers 
paying  2.1  cents  and  truck-trailers,  2.7. 


[N  a  previous  article  in  Public  Roads  ' 
there  was  presented  a  comparison  of  the 
,axes  imposed  in  different  States  on  a  selected 
;roup  of  vehicles.  The  sole  purpose  of  that 
tudy  was  to  compare  the  rates  of  taxes  of  the 
States.  An  entirely  different,  though  related, 
natter  is  the  total  highway-user  tax  payments 
)y  the  different  major  groups  of  vehicles, 
.nformation  on  this  subject  is  of  considerable 
mportance  to  highway  authorities,  legisla- 
tes, and  vehicle  operators  in  determining 
.he  equitability  of  the  total  highway  tax  bur- 
len  on  various  groups  of  vehicles  and  in 
veighing  the  tax  burden  on  the  group  against 
-he  costs  of  providing  highway  service,  and 
he  benefits  derived  from  the  service. 

The  work  presented  here  constitutes  a  series 
)f  estimates,  and  some  may  disagree  with  the 
nethods  used  or  the  findings  reached.  Given 
setter  basic  data,  or  more  time  for  intensive 
itudy  of  individual  phases  of  the  estimates, 
nodification  would  probably  be  necessary. 
ft  is  believed,  however,  that  the  results  are 
iufficiently  within  the  areas  of  reasonableness 
ind  general  validity  to  be  useful. 

1  Road  user  and  property  taxes  on  selected  motor  vehicles,  1958, 
>y  E.  M.  Cope  and  R.  W.  Meadows.  Public  Roads, 
'Ol.  27,  No.  7,  April  1953. 


Although  the  principal  value  of  this  study 
lies  in  the  findings,  an  outline  of  the  data  on 
which  the  study  is  based,  together  with  a  brief 
review  of  some  of  the  problems  encountered 
and  the  assumptions  that  were  made,  should 
be  useful  to  those  who  may  have  occasion  to 
evaluate  or  apply  the  findings. 

In  1952  the  States  collected  a  net  total  of 
$1,967,831,000  in  motor-fuel  taxes  and  related 
fees.  The  total  registration  fees  and  asso- 
ciated revenues  amounted  to  $1,069,439,000 
but,  for  practical  purposes,  the  $12,859,000 
of  fines  and  penalties  received  have  been  elimi- 
nated, leaving  a  remainder  of  $1,056,580,000. 
This  was  done  on  the  theory  that  fines  and 
penalties  are  not  actually  road-user  revenues 
even  though  they  are  miscellaneous  receipts 
of  the  highway  departments  in  some  States. 
State  motor-carrier  taxes  collected  during  the 
year  amounted  to  $64,036,000.  The  total  of 
the  State  road-user  taxes  considered  in  this 
study  is,  therefore,  $3,088,477,000. 

Thus  precise  information  is  available  on  the 
amounts  of  State  registration  fees  that  were 
paid  by  automobiles,  by  trucks,  and  by  buses. 
Various  related  fees  such  as  drivers'  and 
chauffeurs'  licenses,  title  fees,  etc.,  can  be 
allocated  to  various  classes  of  vehicles  without 
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fear  of  substantial  error.  Motor-carrier  taxes 
can  also  be  allocated  with  some  degree  of 
confidence:  their  payment  is  accounted  for, 
primarily,  by  buses  and  heavy  trucks. 

At  first  glance,  it  might  seem  that  the  allo- 
cation of  gasoline  tax  payments  to  the  various 
groups  of  vehicles  should  be  fairly  easy;  but 
this  is  not  the  case.  To  assign  gasoline  tax 
payments  to  the  various  groups  of  vehicles 
requires  the  determination  of  the  amounts  of 
travel  of  each  group  of  vehicles,  and  this  is 
particularly  important  among  the  groups  of 
trucks  since  different  rates  of  fuel  consumption 
are  assigned  to  each  group.  The  formulation 
of  an  acceptable  fuel  consumption  curve  is  in 
itself  no  small  task,  and  relatively  minor 
changes  in  the  rates  of  fuel  consumption  as- 
signed would  make  very  substantial  changes 
in  the  computed  tax  payments.  The  yield 
from  fuel  taxes  accounts  for  approximately 
two-thirds  of  all  road-user  tax  payments. 
According  to  the  results  of  this  study,  motor- 
fuel  taxes  constitute  68.1  percent  of  the  total 
State  road-user  taxes  on  automobiles,  63.7 
percent  of  the  taxes  on  buses,  and  56.1  percent 
of  the  taxes  on  trucks. 

Wherever  reference  is  made  in  this  study  to 
State  motor-fuel  tax  receipts,  motor-fuel 
usage,  highway  use  of  special  fuels,  and  State 
motor-vehicle  receipts,  the  data  are  taken 
from  the  Bureau's  published  bulletin  Highway 
Statistics  1952.  Such  information  is  given 
therein  in  tables  G-l,  G-21,  G-25,  and  MV-2, 
respectively. 

Findings'qf  the  Study 

The  findings  of  this  study  can  best  be  de- 
scribed by  referring  to  the  summary  data 
given  in  tables  1  and  2  and  in  figures  1  and  2, 
which  portray  the  results  graphically.  The 
summary  data  compare  the  numbers  of  ve- 
hicles in  each  visual  classification,  the  user 
taxes  paid,  vehicle-miles  traveled,  average 
payments  per  vehicle,  and  average  payments 
per  mile  of  travel. 

Table  1  brings  together  the  classified  esti- 
mates of  tax  payments  that  are  described  in- 
dividually in  subsequent  sections  of  this  arti- 
cle. It  will  be  observed  that  fuel-tax  pay- 
ments accounted  for  $1,968  million,  or  63.7 
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Table  1.— Estimate  of  State  highway-user  taxes  paid  in  1952  by  major  groups  of  vehicles 


Vehicle  type 


Passenger  oars    .   . 

Buses - 

Motorcycles 

Camp  and  other  light  trailers 

Single-unit  trucks: 

Panel  and  pickup 

Other  2-axle,  4-tire 

2-axle,  6-tire 

3-axle 

All  single-unit  trucks 

Vehicle  combinations: 

Tractor-semitrailer. 

Truck-trailer 

All  combinations 

All  trucks  and  combinations. 
All  vehicles -- 


Registra- 
tion fees 


1,000 
dollars 

515, 750 

13,171 

1,  709 

14,117 


83, 804 
18, 729 

129,  887 
27,  309 

259,  729 


94, 307 
11,368 

105,  675 

365, 404 
910,211 


Motor- 
carrier 
taxes 


1,000 
dollars 


7,  268 


2,  613 
225 


49,  529 

4,401 

53, 930 

56, 768 

64,036 


Opera- 
tors' and 

chauf- 
feurs' li- 
cense fees 


1,000 
dollars 

47, 235 

522 

102 


4,436 
836 

2,647 
297 

8,216 


917 

96 

1,013 

9,229 

57, 088 


Miscel- 
laneous 
fees 


1,000 
dollars 

71,014 

289 

407 


5,  966 
1, 186 
5,417 
1,083 
13,  652 


3,  533 

386 

3,919 

17,571 

89,  281 


Motor- 
fuel  taxes 


1,000 
dollars 

1, 353, 280 

37, 337 

4,488 


123,156 
31,567 

202, 909 
17,  461 

375,093 


181,  504 
16, 129 
197,  633 

572,  726 

1,967,831 


Total 


Amount 


1,000 
dollars 

1,987,279 

58,  587 

6,766 

14,117 


217, 362 
52, 318 

343,  473 
46,  375 

659,  528 


329,  790 

32,  380 

362, 170 

1,021,698 

3,088,447 


Distri- 
bution 


Percent 
64.34 


.46 


7.04 
1.69 
11.12 

1.50 
21.35 


10.68 

1.05 

11.73 

33.08 

100. 00 


percent,  of  the  total  of  $3,088  million  of  State 
motor-vehicle  tax  payments  made  during 
1952.  Registration-fee  payments  totaling 
$910  million  brought  in  29.5  percent;  motor- 
carrier  tax  payments  of  $64  million  provided 
2.1  percent;  operator-  and  chauffeur-license 
incomes  provided  $57  million,  or  1.8  percent; 
and  miscellaneous  fees  totaled  $89  million, 
or  2.9  percent.  The  most  natural  comparison 
of  total  payments  is  that  between  passenger 
cars  and  other  types  of  vehicles.  Of  the 
$3,088  million  in  State  road-user  taxes  paid 
by  all  vehicles  in  1952,  $1,987  million  was 
paid  by  passenger  cars;  $1,022  million  was 
contributed  by  trucks  and  combinations;  $59 
million  by  buses.  The  remainder  is  accounted 
for  by  nearly  $7  million  assigned  to  motor- 
cycles and  $14  million  assigned  to  camp,  farm, 
and  other  light  trailers. 

Table  2  and  figure  1  indicate  that  automo- 
biles constituted  83.0  percent  of  motor-vehicle 
registrations  in  1952  and  accounted  for  64.8 
percent  of  the  user  taxes.  Buses,  relatively 
negligible  in  the  gross  totals,  were  approxi- 
mately 0.3  percent  of  the  numbers  registered 
and  paid  1.9  percent  of  the  user-tax  revenues. 
Trucks  and  combinations  accounted  for  16.8 
percent  of  the  vehicles  and  33.3  percent  of  the 
revenues. 

A  somewhat  different  grouping  of  vehicles 
brings  out  the  relation  of  numbers  and  pay- 
ments more  clearly.  If  the  values  for  panels 
and  pickups  and  other  4-tire  trucks  are 
added  to  those  for  automobiles,  this  consti- 
tutes what  may  be  called  the  light-vehicle 
group.  With  this  grouping,  it  is  found  that 
automobiles  and  light  trucks  formed  93.4 
percent  of  the  registered  vehicles  in  1952  and 
paid  73.6  percent  of  the  road-user  taxes. 
Medium  and  heavy  trucks  and  combinations 
accounted  for  6.3  percent  of  the  vehicles  and 
24.5  percent  of  the  user-tax  payments.  This 
finding  is  two-edged,  in  a  sense.  By  the  act 
of  putting  light  trucks  with  passenger  cars, 
the  total  of  the  truck  contribution  is  dimin- 
ished, but  the  weighting  of  payments  in  rela- 


tion to  numbers  is  increased  from  less  than  2 
to  1  to  nearly  4  to  1. 

Some  of  the  figures  for  individual  types  in 
the  visual  classification  are  revealing.  Two- 
axle,  six-tire  trucks  amounted  to  5.0  percent 
of  the  vehicles  and  their  tax  payments  were 
11.2  percent  of  the  total.  Three-axle  trucks, 
constituting  0.3  percent  of  the  vehicles,  paid 
1.5  percent  of  the  revenues.  Tractor-semi- 
trailers, which  added  only  0.84  percent  to  the 
vehicle  total,  paid  10.8  percent  of  the  total. 
Truck-trailer  combinations  constituted  0.08 
percent  of  the  vehicles  and  made  1.1  percent 
of  the  tax  payments.  Thus  combinations  as 
a  group  amounted  to  less  than   1  percent  of 


the  vehicles  but  accounted  for  nearly  12  per 
cent  of  the  revenues. 

In  average  payments  per  vehicle  durinj 
1952,  it  is  found  that  the  value  fpr  automo 
biles  was  approximately  $45.50,  that  fo 
buses  was  $404,  and  that  for  trucks  and  com 
binations  was  slightly  less  than  $116.  Withii 
the  truck  and  combination  group,  there  i 
found  an  average  payment  of  $47  by  panel 
and  pickups  and  $59  by  other  2-axle,  4-tin 
trucks;  the  general  average  for  2-axle,  4-tin 
trucks  was  $49.  Two-axle,  six-tire  truck 
paid,  on  the  average,  $130,  and  3-axle  truck 
about  $265.  The  average  payment  for  com 
binations  as  a  group  was  $745,  $746  beinj 
the  average  for  tractor-semitrailers,  and  $73( 
for  truck-trailers.  Too  much  should  not  bi 
made  of  the  comparison  between  the  tw( 
types  of  combinations,  because  of  the  widt 
difference  in  both  numbers  and  geographica 
distribution.  In  the  regrouping  of  vehicles 
automobiles  and  light  trucks  are  found  t< 
have  made  an  average  payment  per  vehicl( 
of  $46;  the  average  for  medium  and  heavy 
trucks  and  combinations  was  $227. 

Comparisons  on  a  vehicle-mile  basis  are  also 
given  in  table  2  and  are  illustrated  in  figure  2 
Here  it  is  found  that  automobiles,  which  con 
stituted  83.0  percent  of  the  registrations  ii 
1952,  accounted  for  80.9  percent  of  the  traffii 
volume.  This  may  be  compared  with  thei: 
contribution  of  64.8  percent  to  the  total  road 
user  revenues.  If  again  automobiles  anc 
light  trucks  are  combined,  it  is  found  that  thi: 
group  contributed  89.1  percent  of  the  vehicle 
miles  and  73.6  percent  of  the  revenues 
Medium  and  heavy  trucks  and  combination: 
accounted  for  10.2  percent  of  the  traffic  volume 
and  24.5  percent  of  the  revenues.  Combina 
tions  taken  alone  provide  an  interesting  com 
parison:  They  constituted  0.92  percent  of  th< 


Table  2. — Estimate  of  State  highway-user  taxes  paid  in  1952  by  vehicles  in  different  typ< 

and  weight  groups 


Vehicle  type 


Passenger  cars --■ 

Buses.. 

Single-unit  trucks: 

Panel  and  pickup 

Other  2-axle,  4-tire.. 

2-axle,  6-tire 

3-axle 1 

All  single-unit  trucks 

Vehicle  combinations: 

Tractor-semitrailer .- 

Truck-trailer - 

All  combinations- 

All  trucks  and  combinations — 

All  vehicles 

Regrouping  of  vehicle  types: 

Passenger  cars  and  light  trucks  3 

Medium  and  heavy  trucks  and  combina- 
tions..  


Motor  vehicles 
registered ' 


Num- 
ber 


Thou- 
sands 

43, 654 

145 

4,629 
882 

2,646 
175 

8,332 

442 

44 

486 

8,818 

52,617 

49, 165 
3,307 


Distri- 
bution 


Percent 

82.96 

.28 


8.80 

1.68 

5.03 

.33 

15.84 


.08 
.92 

16.76 

100.00 

93.44 
6.28 


Vehicle-miles 
traveled 


Amount 


Millions 

409, 271 

3,564 


33, 971 
7,598 

32, 679 
1,866 

76, 114 


15,  814 
1,197 
17,011 

93, 125 

505, 960 

450, 840 
51,556 


Distri- 
bution 


Percent 


6.72 
1.50 
6.46 
.37 
15.05 


3.12 

.24 

3.36 

18.41 

100.00 

89.11 
10.19 


Highway-user 
taxes  paid  2 


Amount 


1,000 
dollars 

1, 987,  279 

58,  587 

217,362 
52, 318 

343, 473 
46, 375 

659,  528 

329, 790 
32, 380 
362, 170 

1,021,698 

3, 067, 564 

2, 256,  959 
752, 018 


Distri- 
bution 


Percent 

64.78 

1.91 


7.08 
1.71 

11.20 
1.51 

21.50 


10.75 

1.06 

11.81 

33.31 

100. 00 

73.57 
24.52 


Average  rate 
of  payment 


Per 
vehicle 


$45.  52 
404. 05 


46.96 
59.32 
129.81 
265. 00 
79.16 


746. 13 
735. 91 
745.  21 

115.87 

58.30 

45.91 

227.40 


Per 

vehicle' 
mile 


Cents 
0.49 
1.64 


.64 
.69 

1.05 
2.49 


2.09 
2.71 
2.13 

1.10 

.61 


1.46 


1  Publicly  owned  vehicles,  motorcycles,  and  light  trailers  are  excluded. 

2  Excludes  $12,859,000  in  fines  and  penalties,  and  tax  payments  of  $14,117,000  assigned  to  light  trailers  and  ! 
to  motorcycles. 

3  Panels  and  pickups  and  other  2-axle,  4-tire  trucks  are  grouped  with  passenger  cars. 
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vehicles,  traveled  3.4  percent  of  the  vehicle- 
miles,  and  provided  11.8  percent  of  the 
revenues. 

The  final  comparison  shown  in  table  2  and 
figure  2  is  that  made  on  the  basis  of  average 
road-user  tax  payments  per  mile  of  travel. 
The  average  payment  by  automobiles  was  0.49 
cent  per  vehicle-mile,  or  almost  exactly  one- 
half  cent.  Buses  paid  1.64  cents  per  mile  of 
travel  and  trucks  and  combinations,  as  a 
group,  paid  1.10  cents.  The  average  for  all 
vehicles  was  0.61  cent  per  mile  of  travel. 
When  automobiles  and  light  trucks  are  com- 
bined, the  average  payment  per  mile  comes 
out  exactly  at  one-half  cent.  Medium  and 
heavy  trucks  and  combinations,  taken  as  a 
group,  contributed  1.46  cents  per  vehicle-mile. 

Among  the  general  group  of  trucks  and  com- 
binations, it  is  found  that  2-axle,  4-tire  trucks 
paid  between  0.6  and  0.7  cent  per  mile  of 
travel.  Two-axle,  six-tire  trucks  paid  1.05 
cents  per  vehicle-mile,  and  3-axle  trucks  2.49 
cents,  the  average  for  single-unit  trucks  being 
0.87  cent.  The  rate  per  vehicle-mile  for  com- 
binations as  a  group  was  2.13  cents,  tractor- 
semitrailers  paying  2.09  cents  and  truck- 
trailer  combinations  2.71. 

In  the  interpretation  of  these  figures  it 
should  be  borne  in  mind  that  they  are  Nation- 
wide totals  and  averages  derived  by  processing 
in  various  ways  the  data  reported  by  48 
States  and  the  District  of  Columbia,  each  of 
which  has  its  own  schedule  of  user  taxes,  with 
the  rates  of  payment  differing  widely  from 
State  to  State.  The  vehicles  of  each  type  and 
size  group  may  contribute  relatively  more  in 
one  State  and  relatively  less  in  another.  The 
findings  of  this  study  summarize  the  situation 
as  a  whole,  giving  approximate  values  of  the 
aggregate  and  average  payments  by  each 
'  vehicle  group,  and  thereby  affording  com- 
parisons of  the  extent  to  which  each  group 
shares  in  the  total  burden  of  State  road-user 
taxation. 

Vehicle  Classifications 

Gross-weight  distribution 

Although  registrations  and  fee  payments  are 
segregated  in  State  records  by  major  types  of 
vehicles,  the  further  task  of  distributing- 
numbers  and  fees  among  various  groups  of 
trucks  is  a  complex  matter.  The  differences 
among  the  various  State  bases  of  registration 
had  to  be  reconciled,  and,  to  do  this,  factors 
were  developed  for  converting  the  available 
data  supplied  by  the  States  to  a  gross-weight 
rjasis.  Thirty-one  States  had  furnished,  for 
1952,  data  on  truck-weight  or  capacity 
groupings  according  to  their  own  registration 
bases.  In  a  few  States  this  basis  was  the 
unrealistic  "manufacturers'  rated  capacity," 
and  in  some  it  was  on  variations  of  net  or 
empty  weight,  but  for  the  majority,  it  was 
gross-vehicle  weight.  Some  States  use  a 
combination  of  factors.  Although  more  than 
half  of  the  States  now  register  trucks  and 
combinations  on  the  basis  of  gross  weight,  it 
can  be  seen  in  figure  3  that  quite  a  few,  includ- 
ing some  of  the  larger  ones,  register  on  different 
bases.  Conversion  factors  were  estimated 
and,  for  each  State  for  which  data  were  avail- 
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Figure  1. — Comparison  of  registrations  and  tax  payments  by  vehicle  types. 


able  on  some  basis  other  than  gross-vehicle 
weight,  the  conversion  factors  were  applied  to 
obtain  an  approximation  of  the  State's  regis- 
tration according  to  the  groups  in  which  they 
would  have  fallen  if  all  States  required  regis- 
tration on  a  gross-vehicle-weight  basis. 

While  there  is  no  need  at  this  point  to  out- 
line those  conversion  factors  in  detail,  here  are 
some  examples.  Single-unit  trucks  of  4,500 
pounds  or  less  empty  weight  in  States  register- 
ing on  an  empty-weight  basis  were  considered 
to  be  in  the  gross-vehicle-weight  class  of  1.8 
times  their  empty  weight;  single-unit  trucks 
in  the  4,501-8,000-pound  empty-weight  group 
were  considered  to  belong  with  vehicles  of 
exactly  twice  their  weight  when  registered  on 
a  gross-weight  basis;  and  vehicles  with  an 
empty  weight  of  more  than  8,000  pounds  were 
converted  to  gross- weight  values  of  2.5  times 
their  empty  weight.  In  States  where  tractor- 
trucks  are  registered  on  an  empty-weight  basis 


they  were  considered  to  represent  combina- 
tions of  5  times  the  empty  weight  of  the  tractor 
alone;  and  tractors  registered  on  a  gross- 
weight  basis  were  converted  to  gross  combina- 
tion weights  of  1.8  times  the  gross  registered 
weight  of  the  tractor  alone. 

All  in  all,  there  were  18  States  for  which 
data  were  available  on  a  gross-vehicle-weight 
basis,  and  it  was  possible  to  convert  the  data 
from  an  additional  12  States  registering  on 
other  bases.  However,  in  order  to  obtain 
balance,  and  because  of  questionable  factors 
in  the  original  material,  data  for  15  States 
were  selected  as  representative.  These  15 
States  registered  more  than  44.2  percent  of  all 
trucks  in  the  United  States  in  1952.  The 
percentages  obtained  from  this  15-State 
sample  were  applied  to  national  totals  of  trucks 
registered.  This  distribution  is  shown  in 
table  3  (reading  across)  and  in  figure  4. 

In    1952,   the  year  on   which  this  study  is 
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Figure  3.— Truck  registration  fee  basis. 


An  entirely  different  problem  arises  in  adapting 
the  computed  gross-vehicle-weight  basis  to  the 
actual  vehicles  operating  on  the  highway  as 
they  are  observed  from  traffic  counting  or 
weighing  stations.  Determination  of  the 
taxes  paid  by  various  vehicles  requires  con- 
siderable knowledge  of  the  mileages  they 
travel;  and  this  must  be  computed  primarily 
from  observation.  Registration  fees  do  not 
vary  with  the  amount  of  travel.  Motor- 
carrier  taxes  do  vary  to  a  considerable  degree 
with  the  amount  of  travel,  and  fuel  taxes  paid 
vary  in  direct  proportion  as  travel  varies. 

The  "visual"  classification  of  vehicles  shown 
in  table  3  (reading  down)  and  in  figure  5  is  that 
ordinarily  used  in  recording  and  publishing 
traffic-volume  information.  This  was  the 
principal  reason  dictating  its  adoption  for  this 
study,  although  another  factor  prompting  its 
use  was  that  this  classification  is  more 
meaningful  than  is  a  classification  based  solely 
upon  gross  weight. 

Although  the  visual  classification  is  so 
commonly  used  in  presenting  traffic  data, 
vehicles  in  use  or  registered  cannot  readily  be 
classified  on  this  basis.  In  spite  of  the  fact 
that  tractor-trucks  or  panels  and  pickups  are 


Figure  4. — Distribution  of 
commercial  vehicles  by 
registered  gross  weight. 


based,  there  were  8,818,000  trucks  registered 
(excluding  publicly  owned  vehicles).  Of 
these,  after  converting  to  a  gross-vehicle- 
weight  basis,  as  described  above,  there  were 
5,679,000  in  the  8,000  pounds  and  under  group, 
or  64.4  percent.  An  additional  26.3  percent, 
or  2,318,000  were  in  the  groups  from  8,001  to 
20,000  pounds.  Only  370,000,  or  4.2  percent, 
of  the  trucks  were  in  the  20,001-30,000- 
pound  range;  and  212,000,  or  2.4  percent, 
were  between  30,001  and  40,000  pounds.  The 
trucks  and  combinations  of  over  40,000  pounds 
accounted  for  2.7  percent  of  the  total,  or 
238,000  vehicles  and  combinations.  Thus, 
only  9.3  percent  of  all  trucks  were  more  than 
20,000  pounds  gross  weight. 

Visual  classification  of  vehicles 

The  previous  discussion  concerns  the  dis- 
tribution of  vehicles  on  registration  bases,  and 
some  of  the  difficulties  encountered  in  com- 
puting a  uniform  distribution  on  the  basis  of 
gross-vehicle    or    gross-combination    weights. 


Table  3. — Estimated  distribution  of  trucks  and  combinations  in  1952  by  visual  classification  and  registered  gross  weight 


Registered  gross  weight 


Single-unit  trucks 


2-axle,  4-tire 


Panel  and  pickup 


Num- 
ber 


Distri- 
bution 


Other 


Num- 
ber 


Distri- 
bution 


2-axle,  6-tire 


Num- 
ber 


Distri- 
bution 


3-axle 


Num- 
ber 


Distri- 
bution 


Vehicle  combinations 


Tractor-semitrailer        Truck-trailer 


Num- 
ber 


Distri- 
bution 


Num- 
ber 


Distri- 
bution 


Total 


Num- 
ber 


Distri- 
bution 


Hi! 

list 


Pounds 


8,000  and  under. 

8,001-10,000 

10,001-12,000 

12,001-16,000 

16,001-20,000 

20,001-24,000 

24,001-30,000 

30,001-40,000 

Over  40,000 


Thou- 
sands 

4,497 
132 


Percent 


51.000 
1.500 


Thou- 
sands 


706 


Total 4,629 


52.500 


Percent 

8.000 
1.000 
1.000 


Thou- 


882 


476 
424 
441 
656 
385 
142 
60 
62 


Percent 

5.400 
4.800 
5.000 
7.440 
4.360 
1.615 
.685 
.700 


Thou- 
sands 


Percent 


Thou- 
sa7ids 


Percent 


Thou- 
sands 


Percent 


10. 000       2,  646 


30.000 


17 
26 
18 
26 
65 
23 


0.200 
.300 
.200 
.300 
.735 
.265 

2.000 


29 
29 
73 
37 
82 
192 

442 


0.330 
.330 
.825 
.415 
.925 

2.175 

5.000 


2 
1 
5 
9 
4 
23 


0.030 
.010 
.060 
.100 
.040 
.260 

.500 


Thou- 
sands 

5,679 
644 
529 
704 
441 
238 
132 
213 
238 

8,818 


Percent 

64.400 
7.300 
6.000 
8.000 
5.000 
2.700 
1.500 
2.400 
2.700 

100.  000 
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registered  separately  in  a  few  States,  there  is 
none  in  which  the  visual  classification  has  been 
adopted  in  a  general  way  as  a  basis  for  vehicle 
registration.  Manufacturers'  and  trade- 
association  statistics  are  no  more  helpful; 
manufacturers'  gross-vehicle-weight  rating  has 
understandably  become  the  basis  upon  which 
these  groups  publish  most  of  their  statistics  on 
production  and  sales. 

As  a  consequence,  it  became  necessary  in 
preparing  the  visual  distribution  of  vehicles 
shown  in  table  3  and  figure  5  to  resort  to 
other  sources  of  information.  One  of  these 
was  the  findings  of  the  motor-vehicle-use 
studies  conducted  in  five  States,  as  presented 
in  the  project  reports  made  on  those  studies. 
Another  was  the  distribution  of  vehicles  for 
seven  urban  areas  reported  in  the  home- 
interview  samples  taken  in  origin  and  destina- 
tion studies  made.  A  third  was  a  report 
prepared  on  an  analysis  of  the  1952  truck 
registrations  in  North  Carolina.2  Although 
none  of  these  sources  provided  all  of  the 
nformation  desired,  it  was  possible  by 
piecing  this  information  together  with  that 
tvhich  was  available  from  registration  records 
in  a  few  States  to  develop  the  distribution 
shown  in  table  3  and  figure  5. 

Some  of  these  sources  also  provided  gross- 
vehicle-weight  distributions  of  individual 
visual  classifications.  With  the  help  of  these 
t  was  possible  to  calculate  a  cross-classifica- 
;ion  of  vehicles  by  both  visual  and  gross- 
•veight  classifications.  This  tabulation,  table  3, 
provided  a  means  of  allocating  registration 
ind  related  fees  and  taxes  according  to  both 
lassifications. 

Registration- Fee  and  Carrier-Tax 
Payments 

Registration  fees  and  related  imposts 

Total  revenue  from  State  registration  fees 
md  associated  imposts  amounted  to  $1,069,- 
139,000,  or  $1,056,580,000  if  the  $12,859,000 
)f  fines  and  penalties  are  excluded.  Of  this 
let  amount,  $910,211,000  were  registration 
'ees  and  the  remainder  of  $146,369,000  was 
iccounted  for  by  title  fees  and  taxes,  transfer 
ind  reregistration  fees,  operators'  and  chauf- 
eurs'  licenses,  and  other  miscellaneous  allied 
•evenue.  Operators'  and  chauffeurs'  licenses 
done  accounted  for  $57,088,000. 
Registration  fees 

In  order  to  allocate  registration  fees  between 
he  various  principal  groups  of  vehicles,  aver- 
ige  registration  fees  were  computed  from  the 
)asic  data  on  which  the  previous  study  was 
sased.3  Although  the  present  study  deals  in 
tational  totals,  it  is  well  to  remember  that 
/here  are  great  differences  among  the  States 
n  their  taxation  of  motor  vehicles.  Property 
;axes  on  motor  vehicles  are  not  within  the 
'■cope  of  this  study,  but  there  is  considerable 
variation  in  their  imposition  and  magnitude 
dso. 

The  average  registration  fee  for  automobiles, 


2  Analysis  of  the  1952  registration  of  property-carrying  vehicles 
i  North  Carolina.  Division  of  Statistics  and  Planning, 
Jorth  Carolina  State  Highway  and  Public  Works  Com- 
oission,  Raleigh,  1953.    Tables  I  and  II,  pp.  6  and  9. 

3  See  footnote  1,  p.  17. 
i 
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MILLIONS   OF  VEHICLES 

Figure  5. — Distribution  of  commercial  vehi- 
cles by  "visual"  classification. 

derived  by  simple  division,  is  $11.81.  The 
computed  truck  registration  fees,  derived  by 
multiplying  the  numbers  of  vehicles  in  each 
group  by  the  estimated  average  fees,  yielded 
a  total  of  $368,605,000,  or  not  quite  0.9 
percent  more  than  the  known  total  of 
$365,404,000.  The  average  fees  were  therefore 
reduced  0.9  percent  to  arrive  at  the  $365,- 
404,000  total. 

For  1952,  truck  and  tractor  registration  fees 
totaled  $320,251,000.  To  this  amount  was 
added  the  $59,270,000  of  fees  paid  on  various 
types  of  trailers  and  semitrailers,  deducted 
from  which  was  $14,116,000  estimated  to  have 
been  paid  on  house  trailers,  light  car  trailers, 
etc.  The  resulting  amount,  $365,404,000, 
makes  allowance  for  the  fact  that  semitrailers 
and  trailers  are  registered  separately  in  many 
States,  and  that  there  are  considerably  greater 
numbers  of  semitrailers  than  tractors. 

There  were  5,679,000  trucks  in  the  8,000 
pounds  or  less  gross-vehicle-weight  group. 
When  converted  to  the  visual  classification, 
4,497,000  fell  into  the  panel  and  pickup  group 
with  4  tires,  706,000  were  other  single-unit 
trucks  with  4  tires,  and  476,000  were  2-axle, 
6-tire  single-unit  trucks.  The  total  registra- 
tion fees  of  these  groups  amounted  to  $103,- 
417,000.  It  seems  probable  that  the  panels 
and  pickups  pay  slightly  smaller  fees  than 
the  other  vehicles  in  this  group. 

In  this  respect,  it  is  interesting  to  note  that 
a  great  many  States  impose  lower  registration 
fees  on  farm  trucks  than  on  vehicles  not 
qualifying  for  that  classification.  The  vast 
majority  of  farm  trucks  are  in  the  pickup  and 
other  relatively  light  groups.  To  make  al- 
lowance for  this  difference  in  fees,  it  was 
assumed  that  the  average  registration  fee  of 
the  706,000  4-tire  single-unit  trucks  other 
than  panels  and  pickups  had  a  value  of  X 
and  that  the  registration  fee  of  panels  and 
pickups  had  an  average  value  of  X  minus  5 
percent,  and  that  the  2-axle,  6-tire  vehicles 
in  the  group  had  a  registration  fee  with  the 
value  of  X  plus  5  percent.  The  same  techni- 
que was  applied  to  the  fees  of  the  vehicles  in 
the  8,001-10,000-pound  group.  For  the 
529,000  trucks  in  the  10,001-12,000-pound 
group,  it  was  assumed  that  the  88,000  4-tire 


trucks  had  an  average  registration  fee  of  5  per- 
cent less  than  the  441,000  6-tire  single-unit 
trucks  in  the  group.  A  similar  method  was 
followed  in  distributing  the  registration  fees 
of  each  of  the  gross-vehicle-weight  classes  to 
the  visual  classifications.  In  each  instance, 
however,  a  heavier  weighting  factor  was  given 
to  the  registration  fees  for  combinations  when 
they  fell  in  the  same  gross-weight  group  as 
single-unit  trucks. 

Miscellaneous  fees 

The  allocation  of  operators'  and  chauffeurs' 
licenses  had  to  be  arbitrary.  Some  States 
do  not  require  chauffeurs'  licenses  and  others 
do  not  require  ordinary  operators'  licenses  of 
those  who  hold  chauffeurs'  licenses.  The  total 
chauffeurs'  license  fees  attributed  to  truck 
operators  was  $9,229,000.  It  was  assumed 
that  one  chauffeur's  license  at  an  average  fee  of 
$1.80  should  be  attributed  to  each  vehicle  in 
the  gross  registration  weight  classes  of  20,000 
to  40,000  pounds,  and  1.5  chauffeurs'  licenses 
should  be  attributed  to  each  vehicle  over 
40,000  pounds.  The  remainder  of  the 
chauffeurs'  licenses  and  the  fees  derived 
therefrom  were  attributed  to  trucks  in  the 
various  groups  under  20,000  pounds.  Chauf- 
feur license  payments  attributed  to  bus 
operators  were  computed  as  approximately  2 
per  vehicle  or  290,000,  and  at  $1.80  each  these 
amounted  to  $522,000.  Motorcycle  operators' 
licenses  were  estimated  at  25  cents  per  regis- 
tered motorcycle,  and  amounted  to  $102,000. 
The  remainder  of  operators'  and  chauffeurs' 
license  payments,  $47,235,000,  was  allocated 
to  passenger-car  operators. 

After  allocating  operators'  and  chauffeurs' 
license  revenues  to  various  groups  of  vehicles, 
there  remained  $89,281,000  of  miscellaneous 
fees  to  be  assigned.  This  was  done  insofar 
as  possible  by  examination  of  the  individual 
State  reports  and  allocating  the  fees  to  in- 
dividual groups  where  possible.  As  a  result 
of  this  examination  of  State  reports, 
$17,571,000  was  assigned  to  trucks.  This 
amounted  to  $1.99  each.  In  this  distribution, 
however,  consideration  was  given  to  size  and 
value  of  the  vehicles  since  these  factors 
affected  the  receipts.  Title  fees,  transfer  fees, 
and  issuance  fees  were  distributed  to  trucks 
on  a  numerical  basis.  Nonresident  tag  fees 
and  a  small  amount  of  other  miscellaneous 
fees  were  distributed  between  trucks  on  the 
basis  of  a  sample  distribution  in  five  States 
drawn  from  the  individual  reports  of  the  States 
in  the  Bureau  of  Public  Roads  files.  The 
truck  share  of  special  titling  taxes,  amounting 
to  $32,489,000,  was  distributed  on  the  basis 
of  gross  vehicle  weights,  since  these  are  ad 
valorem  taxes  and  it  seemed  that  there  should 
be  a  high  degree  of  correlation  between  value 
and  weight.  Undoubtedly  this  is  susceptible  of 
refinement,  but  it  is  probable  that  no  great 
violence  is  done  by  this  approach. 

It  was  assumed  that  the  miscellaneous 
revenues  to  be  assigned  to  buses  averaged 
the  same  as  those  assigned  to  trucks,  i.  e., 
$1.99  each,  or  a  total  of  $289,000.  Miscel- 
laneous revenues  of  $1.00  each  were  at- 
tributed to  the  407,000  registered  motor- 
cycles.     The    remaining    miscellaneous    fees, 
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$71,014,000,  were  attributed  to  automobiles, 
and  amounted  to  $1.63  per  automobile  when 
the  amount  is  divided  by  the  number  of 
registered  vehicles. 

Carrier  taxes 

The  prior  discussion  has  outlined  the  major 
phases  of  assigning  registration  and  associ- 
ated fees.  The  assignment  of  the  $64,036,000 
in  motor-carrier  tax  revenues  was  made  by 
study  of  the  individual  reports  of  the  States. 
This  indicated  that  $7,268,000  might  be  as- 
signed to  buses  and  the  remaining  $56,768,000 
assigned  to  trucks.  Undoubtedly  there  are 
some  instances  of  certain  carrier  taxes  or 
public-service  permit  fees  and  related  revenues 
that  may  be  attributed  to  taxicabs  but  in- 
sufficient evidence  was  found  of  such  payments 
to  make  any  allocation.  In  any  case,  it  is 
improbable  that  a  substantial  amount  would 
be  involved. 

For  the  purpose  of  this  study  it  was  also 
assumed  that  carrier  taxes  can  be  assigned 
entirely  to  buses  and  to  trucks  of  more  than 
12,000  pounds  gross-vehicle-weight  rating. 
Since  the  individual  State  records  did  not 
distinguish  between  the  classes  of  vehicles 
upon  which  carrier  taxes  were  levied,  an 
arbitrary  procedure  was  adopted  in  assigning 
them  to  the  various  groups.  By  taking  the 
average  amount  of  motor-carrier  tax  that 
would  be  paid  by  a  vehicle  of  over  40,000 
pounds  as  the  quantity  A,  it  was  assumed,  in 
computing  carrier  taxes,  that  vehicles  in  the 
30,00 1-40, 000-pound-group  could  be  assigned 
a  value  of  0.75  A;  trucks  and  combinations  in 
the  24,00 1-30,000-pound-group,  a  value  of 
0.5  A;  vehicles  in  the  20,001-24,000-pound- 
group,  a  value  of  0.25A';  vehicles  in  the  16,001- 
20, 000-pound-group,  a  value  of  0.1A';  and 
vehicles  in  the  12, 001-16, 000-pound-group,  a 
value  of  0.05A'.  The  value  of  A'  was  found 
to  be  $94.32.  It  might  be  said  that  this  is 
systematic  guessing,  and  there  would  be  more 
than  a  grain  of  truth  to  it.  Yet,  in  the 
absence  of  detailed  basic  data,  any  assignment 
of  motor-carrier  taxes  to  various  groups  of 
vehicles  must  necessarily  be  on  an  arbitrary 
basis  and,  regardless  of  the  complexity  of  any 
formula  adopted,  it  would  be  reasonably 
certain  to  contain  many  of  the  properties  of 
the  estimate  made  here. 

Travel  and  Fuel-Tax  Payments 

Although  much  is  known  about  the  char- 
acter and  extent  of  motor-vehicle  use,  there 
is  a  present  lack  of  complete  information 
about  the  distribution  of  highway  travel  in 
rural  and  urban  areas,  especially  that  pertain- 
ing to  the  subdivision  of  this  travel  among  the 
classes  of  vehicles  for  which  it  was  desired  to 
make  estimates  in  this  study.  Nevertheless, 
such  an  estimate  of  travel  during  1952, 
classified  according  to  these  vehicle  types, 
had  to  be  made  if  the  fuel  use  and  fuel-tax 
payments  of  the  individual  types  of  vehicles 
were  to  be  calculated. 

Motor-vehicle  travel 

Estimates  of  passenger-car,  bus,  and  truck 
travel  in  the  United  States  were  issued  by  the 
Bureau    for    each    of    the    years    from    1936 
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through  1948.4  The  principal  factors  con- 
trolling the  calculations  made  for  1936  were 
the  traffic  volumes,  characteristics,  and  rela- 
tions as  determined  from  rural  traffic  counts, 
and  from  the  motor-vehicle  allocation  and 
road-use  studies  conducted  between  1935  and 
1939,  covering  both  rural  and  urban  travel. 
These  projects  were  included  in  the  program 
of  basic  highway  planning  studies  undertaken 
jointly  by  the  State  highway  departments  and 
the  Bureau  of  Public  Roads.  Estimates  for 
the  succeeding  years  were  based  upon  the 
calculations  made  for  1936,  such  modifications 
being  made  as  were  necessary  to  reflect  known  . 
trends  in  motor-vehicle  registrations,  fuel 
consumption,  and  vehicle  use.  The  principal 
factors  controlling  the  calculations  for  the 
individual  years  were  the  annual  estimates  of 
rural  traffic  made  by  the  Bureau  from  traffic 
counts  obtained  by  the  State  highway  depart- 
ments, the  annual  reports  of  the  highway  use 
of  motor  fuel  made  by  State  authorities,  and 
reports  of  motor-vehicle  registrations,  also 
made  by  State  authorities.  Publication  of 
these  estimates  was  discontinued  after  1948 
because  it  was  felt  that  some  of  the  basic 
relations  existing  in  1936,  and  upon  which  the 
entire  structure  of  the  estimates  was  predi- 
cated, might  have  changed  considerably.  Since 
that  time  only  estimates  of  rural  travel  have 
been  published. 

Basis  of  Travel  Estimates 

The  same  basic  procedures  employed  in 
preparing  the  estimates  for  1936-48  were  used 
in  developing  the  estimate  of  the  total  pas- 
senger-car, bus,  and  truck  travel  for  1952, 
presented  in  table  4.  For  purposes  of  this 
study,  however,  it  was  necessary  to  subdivide 
the  estimate  of  total  truck  travel  into  the 
various  visual  classifications  shown  in  the 
table.  In  rural  areas,  classification  counts 
have  been  made  regularly  by  the  State  high- 

4  See  previous  annual  articles  on  traffic  in  Public  Roads: 
vol.  25,  Nos.  3,  7,  12,  and  vol.  24,  No.  10. 


way  departments  as  a  part  of  the  highway 
planning  survey  operations,  and  the  percent- 
age distribution  shown  by  these  counts  was 
used  in  subdividing  the  total  rural  vehicle- 
mileage  of  trucks.  In  urban  areas,  comprehen- 
sive classification  count  data  are  not  available. 
Two  other  sources  of  information  are  available 
from  the  planning  survey  operations  conducted 
by  the  States,  however,  and  these  were  used 
in  subdividing  the  total  urban  vehicle-mileage 
of  trucks.  Estimates  of  travel  by  the  various 
visual  classifications  of  trucks  were  developed 
for  the  large  cities  from  information  collected 
in  origin  and  destination  traffic  studies  of  the 
home-interview  type,  and  for  the  smaller 
cities  from  information  obtained  in  motor- 
vehicle-use  studies. 

In  the  home-interview  origin  and  destina- 
tion studies  it  is  standard  practice  to  collect 
data  concerning  the  type  of  truck,  the  licensed 
gross  weight,  and  the  daily  mileage  traveled 
in  the  urban  area  as  well  as  the  origin  and 
destination  of  each  trip.  Information  is  also 
available  in  these  studies  concerning  the 
number,  type,  origin,  and  destination  of  all 
trucks  entering  and  leaving  urban  areas. 
Twelve  cities 5  were  selected  from  those  in 
which  home-interview  studies  have  been  made 
and  special  tabulations  of  the  urban  travel  by 
type  of  truck  were  made  for  these  cities.  Some 
of  these  tabulations  were  made  by  the  State 
highway  departments  and  some  by  the  Bureau 
of  Public  Roads.  Percentages  and  factors 
developed  from  these  data  were  used  in  esti- 
mating the  urban  vehicle-mileage  of  trucks 
by  visual  types  in  the  larger  cities  for  the 
country  as  a  whole. 

The  motor-vehicle-use  studies  are  also 
home-interview  studies  designed  to  obtain  on 
a  Statewide  basis  much  the  same  types  of 
information  as  are  obtained  for  a  single  city  or 
urban  area  in  the  home-interview  origin-and 
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Table  4. — Estimated  travel  during  1952,  classified  by  place  of  travel  •  and  by  vehicle  type 


Vehicle  type 


Passenger  cars 

Buses: 

Commercial 

Other 

All  buses 

Single-unit  trucks: 

Panel  and  pickup 

Other  2-axle,  4-tire -. 

All  2-axle,  4-tire  trucks 

2-axle,  6-tire 

3-axle 

All  single-unit  trucks.. 

Vehicle  combinations: 

Tractor-semitrailer- 

Truck-trailer 

All  combinations 

All  trucks  and  combinations-. 

All  vehicles 


Vehicle-miles  of  travel  in- 


Rural 

airas 


Millions 
213, 464 


1,444 
1,026 
2,470 


22,075 
2,083 

24, 158 

20, 453 
1,557 

46, 168 


14,013 

1,061 

15,074 

61,242 

277, 176 


Urban 
areas 


Millions 
197,404 


1,750 

114 

1,864 


13,324 
5,834 
19,158 
13,600 
388 
33, 146 


2,465 

187 

2,652 

35, 798 

235,066 


Total 


Millions 
410,868 


3,194 
1,140 
4,334 


35, 399 
7,917 

43,316 

34,053 
1,945 

79,314 


16, 478 

1,248 

17,  726 

97,040 

512,242 


Distribution  of  travel 


Rural 
areas 


Percent 
77.01 


.37 


7.97 

.75 

8.72 

7.38 

.56 

16.66 


5.06 

.38 

5.44 

22.10 

100. 00 


Urban 
areas 


Percent 
83.98 


.74 
.05 
.79 


5.67 
2.48 
8.15 
5.79 
.16 
14.10 


1.05 
.08 
1.13 

15.23 

100. 00 


Total 


Percent 
80.21 


.62 
.22 

.84 


6.91 
1.55 
8.46 
6.65 
.38 
15.49 


3.22 

.24 

3.46 

18.95 

100.  CO 


1  Urban  areas  include  all  incorporated  places  and  delimited  urban  compacts. 
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able  5. — Estimated  tra>el  during  1952,  classified  by  ownership  of  vehicle  and  by  vehicle  type 


Vehicle  type 


Passenger  cars 

Buses: 

Commercial _ _ 

Other 

All  buses 

Single-unit  trucks: 

Panel  and  pickup. ._ .. 

Other  2-axle,  4-tire 

All  2-axle,  4-tirc  trucks 

2-axle,  6-tire 

3-axle 

All  single-unit  trucks.. 

Vehicle  combinations: 

Tractor-semitrailer 

Truck-trailer 

All  combinations 

All  trucks  and  combinations  .. 

All  vehicles 


Vehicle- miles  of  travel  by- 


Total 


Millions 
410, 868 


3,194 
1,140 
4,334 


35, 399 
7,917 

43,316 

34, 053 
1,945 

79,314 


16, 478 

1,248 

17,  726 

97, 040 

512,  242 


Govern- 
ment- 
owned 

vehicles 


Millions 
1,597 


770 
770 


1,428 
319 
1,747 
1,374 
79 
3,200 


664 
51 
715 

3,915 

6,282 


Private 

and 

commercial 

vehicles 


Millions 
409, 271 


3,194 

370 

3,564 


33, 971 
7,598 

41,569 

32, 679 
1,866 

76, 114 


15,814 
1,197 
17,011 

93, 125 

505, 960 


Distribution  of  travel  by- 


Total 


Percent 
80.21 


62 

.22 
.84 


6.91 
1.55 
8.46 
6.65 
.38 
15.49 


3.22 

.24 

3.46 

18.95 

100.00 


Govern- 
ment- 
owned 

vehicles 


Percent 


12.26 
12.26 


22.73 
5.08 

27.81 

21.87 
1.26 

50.94 


10.57 

.81 

11.38 

62.32 

100.00 


Private 
and  com- 
mercial 
vehicles 


Percent 
80.89 


.63 

.07 
.70 


6.71 
1.50 
8.21 
6.46 
.37 
15.04 


3.13 

.24 

3.37 

18.41 

100.00 


estination  studies.  Because  of  their  State- 
ride,  rather  than  local  emphasis,  the  sampling 
ates  employed  within  cities  in  the  motor- 
ehicle-use  studies  are  much  lower  than  those 
sed  in  the  origin-and-destination  studies; 
herefore,  the  stability  and  reliability  of  the 
notor-vehicle-use  samples  are  lower  when 
>nly  a  single  city  or  size-group  of  cities  is 
onsidered.  However,  the  data  available  from 
hese  studies  could  be  used  to  good  advantage 
a  estimating  the  travel  of  various  classes  of 
rucks  and  combinations  in  the  smaller-sized 
ities  and  villages  as  a  whole.  Data  obtained 
n  seven  States,  the  only  ones  in  which  motor- 
ehicle-use  studies  have  been  completed  up 
o  the  present,  were  used  in  making  these 
stimates.  In  addition  to  the  travel  data 
.pplied,  information  obtained  through  these 
tudies  relative  to  the  distributions  of  dwelling 
inits,  population,  and  motor  vehicles  was  also 
ised  in  refining  the  calculations. 

Other  sources  of  information  used  included 
stimates  of  travel  by  commercial  and  other 
mses  reported  by  the  industry,6  and  estimates 
f  automobile  use  reported  by  the  Automobile 
Manufacturers  Association.7 

Total  motor-vehicle  travel  on  all  roads  and 
treets  during  1952  was  calculated  to  be  512 
)illion  vehicle-miles,  of  which  411  billion, 
ibout  80  percent,  was  estimated  to  have  been 
>erformed  by  passenger  cars,  79  billion,  nearly 
l6  percent,  by  single-unit  trucks,  18  billion, 
omewhat  more  than  3  percent,  by  tractor- 
emitrailer  and  truck-trailer  combinations, 
md  4  billion,  nearly  1  percent,  by  buses. 

This  tabulation  includes  the  travel  of 
Dublicly  owned  non-military  vehicles.  It  was 
lesired  to  limit  the  calculation  of  fuel  con- 
iumption  and  fuel-tax  payments  to  the 
ilassifications     of     private     and     commercial 


vehicles  shown  in  table  3  and  figure  5.  Con- 
sequently, the  travel  of  publicly  owned 
vehicles  had  to  be  eliminated  from  the 
estimated  travel  of  all  vehicles  shown  in 
table  4. 

Estimates  of  the  travel  and  fuel  consump- 
tion of  Federal  civilian  vehicles  were  deter- 
mined from  statistics  compiled  by  the  United 
States  Bureau  of  the  Budget,  while  estimates 
of  the  travel  and  fuel  consumption  of  motor 
vehicles  owned  by  State,  county,  and  other 
local  government  agencies  were  developed 
from  reports  made  (of  the  numbers  of  such 
vehicles)  by  most  of  the  State  highway 
departments  to  the  Bureau  of  Public  Roads. 

The  travel  of  publicly  owned  vehicles  was 
determined  to  be  6  billion  vehicle-miles,  of 
which  the  amounts  contributed  by  the 
individual  vehicle  types  were  as  shown  in  the 
second  column  of  table  5.    The  total  travel  of 


private  and  commercial  motor  vehicles,  after 
deduction  of  public-vehicle  travel,  was  506 
billion  vehicle-miles,  of  which  409  billion  was 
performed  by  passenger  cars,  76  billion  by 
single-unit  trucks,  17  billion  by  combinations 
of  freight-carrying  vehicles,  and  nearly  4 
billion  by  buses.  The  percentage  distribution 
of  this  travel  by  vehicle  groups  was  practically 
the  same  as  for  the  total  travel  of  all  public, 
private,  and  commercial  vehicles.  This 
distribution  is  shown  in  figure  6. 

Vehicle    Operating    Characteristics 

In  order  to  estimate  the  fuel  consumption 
and  fuel-tax  payments  for  the  individual 
classes  of  vehicles  used  in  this  study,  it  was 
necessary  to  determine  certain  of  their 
operating  characteristics  such  as  average 
gross  weights,  percentages  of  vehicles  using 
fuel  other  than  gasoline,  and  rates  of  fuel 
consumption. 

Operating  gross  weights 

The  calculated  average  operating  gross 
weights  used  in  this  study  for  each  type  of 
vehicle  are  shown  in  table  6  and  figure  7. 
Different  methods  were  employed  in  arriving 
at  the  weights  adopted  for  the  various  classes 
of  vehicles. 

The  average  operating  gross  weight  of 
passenger  cars  was  determined  by  a  complex 
method  of  calculation  in  which  these  vehicles 
were  divided  by  makes  roughly  into  four 
groups,  according  to  the  weight  of  the  most 
popular  four-door  sedan  of  each  make.  An 
average  operating  road  weight  was  calculated 
for  each  make  by  adding  to  the  shipping 
weight  of  the  four-door  sedan  an  allowance  to 
cover  nonstandard  equipment  (such  as  radios 
and  heaters),  fuel,  water,  two  passengers, 
and  baggage.  The  allowances  varied  from 
600  pounds  in  the  case  of  the  vehicles  in  the 
lightest  group  to  900  pounds  in  the  case  of  the 
heaviest  vehicles.  It  was  assumed  that 
vehicles  of  all  weight  groups  would  have  the 
same  average  travel.     The  average  operating 


TRUCKS   AND 
BUSES 


V. 


BUSES-COMMERCIAL 

BUSES -OTHER 

PANEL   AND  PICKUP 
TRUCKS 

OTHER   2-AXLE, 
4-TIRE    TRUCKS 

2-AXLE,  6-TIRE 
TRUCKS 

3-AXLE  TRUCKS 

TRACTOR-  SEMI- 
TRAILERS 

TRUCK-TRAILERS 


p 

— -L-i 

i 

i 

0  5  10  15  20         25  30  33 

PERCENTAGE  OF   TRAVEL    OF    TRUCKS  AND   BUSES 


•  Pustransportation,  vol.  32,  No.  2,  Feb.  1953,  McGraw-Hill 
'ublishing  Co.,  New  York,  N.  Y. 

7  Automobile  facts  and  figures,  31st  ed.,  1951,  Automobile 
vlanufacturers  Association,  Detroit,  Mich.  See  especially 
).48. 
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Figure  6. — Percentage  distribution  of  travel  by  private  and  commercial  vehicles  in  1952. 
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Table  6. — Operating  ehracterislics  of  various  types  of  motor  vehicles 


Vehicle  type 


Passenger  cars 

Buses: 

Commercial 

Other 

Single-unit  trucks: 
Panel  and  pickup. 
Other  2-axle,  4-tlre. 

2-axle,  6-tire 

3-axle 

Vehicle  combinations: 
Tractor-semitrailer 
Truck-trailer 


Average 

operating 

gross 

weight 


Pounds 
3,965 


23,000 
11,600 


4,639 

5,834 

11,684 

23,611 


35,602 
46,885 


Distribution  of  travel  accord- 
ing to  type  of  fuel  used 


Gasoline 


Percent 
100.0 


39.1 
100.0 


100.0 
100.0 
100.0 
100.0 


Diesel 


Percent 


55.9 


0) 
0) 
(') 
(') 


12.6 
12.6 


Other 


Percent 
0) 


5.0 


(0 
(') 
(') 
(1) 


.9 
.9 


Rates  of  fuel  consumption  by 
type  of  fuel  used 


Gasoline 


Gallons 
per  mile 

0. 06704 


. 26870 
.  12540 


.07350 
.08420 
.12590 
.  18980 


. 24120 
.28320 


Diesel 


Gallons 
per  mile 


0  l.s-.ixi 


.  17230 
.20230 


Other 


Gallons 
per  mile 


0.  26690 


.26800 
.  31470 


1  Percentage  negligible. 

gross  weight  for  all  passenger  cars  was  calcu- 
lated to  be  3,965  pounds 

The  operating  characteristics  of  commercial 
buses  differed  so  greatly  from  those  of  other 
types  of  buses  that  they  were  treated  sepa- 
rately from  the  other  types,  such  as  privately 
owned  buses  operated  by  schools  or  institu- 
tions. The  operating  gross  weight  of  23,000 
pounds  assigned  to  commercial  buses  was 
determined  by  adding  to  the  curb  weight  of  a 
typical  42-passenger  bus,  such  as  is  used  in 
either  city  or  suburban  service,  the  weight  of 
a  load  of  21  passengers.  The  operating  gross 
weight  of  11,600  pounds  assigned  to  other 
buses  represents  the  combination  of  the  curb 
weight  of  a  typical  medium-sized  school  bus 
and  the  weight  of  an  average  load  of  20 
children. 

The  weights  shown  for  the  various  classes  of 
trucks  and  combinations  are  averages  ob- 
tained from  loadometer  studies  conducted  in 
1952  by  the  State  highway  departments.  A 
total  of  134,564  vehicles  as  found  in  the 
traffic  stream  on  main  rural  roads  were 
weighed.  Some  were  empty,  some  over- 
loaded, and  some  only  partially  loaded.  The 
weights  reported  reflect  these  conditions. 
Since  no  data  were  available  on  weights  of 
vehicles  operating  in  cities,  the  rural  road 
weights  had  to  be  applied  to  all  traffic. 

Use  of  special  fuels 

Although  the  use  of  fuels  other  than  gasoline 
in  the  propulsion  of  motor  vehicles  is  increas- 
ing rapidly,  the  amount  of  such  so-called 
"special"  fuels  used  is  still  a  relatively  small 
percentage  of  the  total  fuel  consumed  on  the 
highways.  In  1952  the  total  of  all  motor  fuel 
used  in  the  United  States  was  40,584  million 
gallons,  while  the  total  amount  of  special  fuels 
used  for  highway  purposes  was  only  805 
million  gallons.  This  relatively  small  seg- 
ment of  motor-fuel  consumption  assumes 
greater  importance,  however,  when  it  is  con- 
sidered that  nearly  all  of  this  fuel  is  consumed 
by  the  larger  commercial  vehicles — buses  and 
combinations  of  freight-carrying  vehicles. 

Information  reported  by  the  commercial 
bus  industry  indicates  that  very  large  portions 
of  its  operations  are  now  carried  on  with  buses 
propelled  by  diesel  fuel,  liquefied  petroleum 
gas,  and  other  nongasoline  fuels.     The  specific 
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percentage  relations  used  in  this  analysis  are 
based  upon  reports  from  24  intercity,  intra- 
city,  and  suburban  operators.8 

These  data,  which  appear  to  be  supported 
by  other  reliable  information,  indicate  that 
more  than  50  percent  of  the  fuel  now  used  in 
common-carrier  buses  is  diesel  fuel,  while  the 
use  of  liquefied  petroleum  gas  has  become  an 
important  factor  in  some  instances.  Although 
there  is  undoubtedly  some  use  of  these  fuels  in 
buses  engaged  in  other  types  of  operations, 
available  information  seems  to  indicate  that 
such  use  is  insignificant. 

Nongasoline  fuels  are  also  used  to  some 
extent  in  single-unit  trucks,  but,  inasmuch  as 
the  achievement  of  significant  savings  from 
the  use  of  these  fuels  requires  large-scale 
operations,  such  use  is  thought  to  be  negligible 
and  all  of  the  consumption  of  these  fuels  in 
freight-carrying  vehicles  was  assigned  to 
combinations  rather  than  single  vehicles. 

Fuel  consumption  rates 

The  rate  at  which  a  certain  motor  vehicle 
or  combination  of  vehicles  will  consume  fuel 
in  its  operations  over  the  highways  is  affected 

8  Bus  transportation,  vol.  32,  No.  11,  Nov.  1953,  McGraw- 
Hill  Publishing  Co.,  New  York,  N.  Y. 


at  any  given  time  by  a  number  of  factors, 
among  which  the  following  are  of  major 
importance:  Type  and  grade  of  fuel  used, 
characteristics  of  the  engine,  gear  ratios, 
frequency  of  stops,  condition  of  the  vehicle, 
gradients  encountered,  types  and  conditions 
of  roads  traveled,  weather,  operating  gross 
weight  of  vehicle  (or  combination)  and 
contents,   and  driving  techniques  employed. 

When  the  total  of  all  motor  vehicles  in 
service,  operating  throughout  the  year  under 
widely  varying  conditions,  is  being  con- 
sidered, and  if  only  a  broad  and  general 
analysis  is  undertaken  as  was  the  case  in  this 
instance,  the  effects  of  such  factors  as  fre- 
quency of  stops,  topography,  weather,  condi- 
tion of  the  vehicle,  and  driving  techniques 
employed  tend  to  become  compensating  and 
have  little  effect  upon  the  determination  of 
average  rates  of  fuel  consumption.  Con- 
sequently, in  the  analysis  undertaken  for 
this  study,  no  attempt  was  made  to  take  any 
factor  other  than  gross  vehicle  weight  into 
account  except  in  a  very  limited  way,  as  is 
noted  subsequently. 

Figure  8  shows  the  compromise  curve 
indicating  the  relation  between  gross  weight 
and  gasoline  consumption  that  was  plotted 
from  the  equation  developed  for  this  article, 
and  the  other  fuel-consumption  data  that  were 
considered  in  developing  it.  This  equation  is 
intended  to  indicate  approximate  gasoline- 
consumption  rates  for  vehicles  with  gross 
weights  up  to  at  least  72,000  pounds,  operating 
under  average  conditions. 

This  gasoline-consumption  equation  was 
not  statistically  developed  in  the  ordinary 
sense.  Rather,  it  is  a  composite  of  values  for 
numerous  gross-weight  groups  obtained  from 
each  of  several  previous  determinations  by 
other  investigators.  Since  it  was  beyond 
the  scope  of  this  study  to  assemble  original 
data  on  the  fuel-consumption  rates  of  motor 
vehicles,  it  was  necessary  to  draw  on  the  work 
of  others.  Although  many  sources  of  data 
were  investigated,  none  was  found  which 
appeared  to  meet  present  needs  in  all  respects 

Some,     like     the     determinations     of     the 
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Figure  7. — Operating  cliaracteristics  of  various  types  of  vehicles. 
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figure  8. — Estimated  fuel  consumption  of  gasoline -powered  vehicles  compared  with  aver- 
age operating  gross  weight. 


calculated  and  plotted  to  logarithmic  scales 
it  was  found  that  they  fitted  closely  a  straight 
line  having  the  following  equation: 

G.P.M.  =0.0005342  ir°-5ft™s 

where  G. P. M.  =  gallons  per  mile,  and  W= 
average  operating  gross  weight  of  vehicle. 

Consequently,  it  was  decided  that  for 
purposes  of  the  present  analysis  this  fuel 
consumption  equation  could  be  applied 
throughout  the  entire  range  of  gross  weights 
for  which  gasoline  consumption  would  need 
to  be  calculated. 

As  stated  previously,  this  equation  applies 
only  to  gasoline-powered  vehicles.  It  is 
known  that  different  rates  of  fuel  consumption 
will  apply  to  diesel-powered  vehicles,  but 
there  are  not  sufficient  data  at  hand  to  permit 
the  calculation  of  an  equation  for  them. 
After  consultation  with  representatives  of  the 
trucking  industry  it  was  decided  to  assume 
that,  for  operating  gross  weights  above  20,000 
pounds,  diesel  vehicles  will  consume,  on  the 
average,  about  30  percent  less  fuel  than  will 
gasoline-powered  vehicles  of  equal  weight. 
No  special  allowance  was  made  for  vehicles 
using  other  fuels,  such  as  liquefied  petroleum 
gas,  partly  because  of  their  negligible  im- 
portance in  the  nationwide  picture,  and 
partly  because  available  data  seemed  to  indi- 
cate that  such  vehicles  generally  have  fuel- 
consumption  rates  closely  approximating  those 
of  similar  gasoline-powered  vehicles. 

All  of  the  gasoline-consumption  rates  shown 
in  table  6  and  figure  7  were  developed  by  ap- 
plying the  derived  equation  to  the  average 
operating  gross  weights  shown  except  in  the 


Federal  Coordinator  of  Transportation,9  were 
developed  from  information  that  is  now  so 
old  that  is  does  not  reflect  conditions  nowr 
known  to  prevail,  especially  in  the  higher 
gross-weight  brackets.  Others,  like  the  fuel- 
consumption  rates  developed  from  the  Ford 
data,10  are  based  upon  limited  coverage  of 
engines,  vehicle  types,  or  loadings,  and  so 
tend  to  give  values,  for  certain  weight  ranges, 
that  deviate  rather  widely  from  the  consensus 
of  findings. 

After  plotting  all  of  this  information  as 
shown  in  figure  8,  it  became  evident  that  a 
new  curve,  or  set  of  curves,  should  be  de- 
veloped. Some  students  of  the  problem 
contend  that  a  single  fuel-consumption  curve 
cannot  be  developed  to  fit  all  types  of  vehicles 
from  passenger  cars  through  the  heaviest 
combinations.  When  the  gasoline-consump- 
tion equation  adopted  for  use  in  this  study 
was  developed,  it  had  not  been  predetermined 
that  a  single  curve  could  be  applied  to  all 
gross  weights.  However,  when  average  fuel- 
consumption  rates  for  each  of  numerous 
values  of  operating  gross  weights,  ranging 
from    3,000    to    50,000    pounds,    had    been 

4  Public  aids  to  transportation,  Federal  Coordinator  of 
Transportation,  vol.  IV,  1940.     See  especially  pp.  141-43. 

10  Mileage,  gross  vehicle  weight,  and  fuel  consumption  of 
commercial  vehicles,  presented  by  Robley  Winfrey  at  33d 
Annual  Meeting  of  the  Highway  Research  Board,  Wash- 
ington, D.  C,  Jan.  12, 1954. 
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Table  7. 


-Fuel  consumption  and  tax  payments  in  1952,  classified  by  various  types  of  private 
and  commercial  motor  vehicles 


Vehicle  type 

Total 

miles 
traveled 

Gasoline-powered 
vehicles 

Diesel-powered 

vehicles 

Vehicles  pnw- 

ered  by  other 

fuels 

Total  fuel 
consumed 

Total  lax 
payments 

Mileage 

Fuel 
con- 
iumed 

Mile- 
age 

Fuel 

con- 
sumed 

Mile- 
age 

Fuel 
con- 
sumed 

Gallons 

Distri- 
bution 

Millions 

Millions 

Million 
gallons 

Mil- 
lions 

Mil- 
lion 

gallons 

Mil- 
lions 

Million 
gallons 

Mil- 
lions 

Percent 

Million 
dollars 

409, 271 

3,194 

370 

3,564 

33,971 

7,  59S 
41,569 
32, 679 

1,866 
76,114 

409, 271 

1,249 

370 

1,619 

33, 971 
7,598 

41,  569 

32,  679 
1,866 

76,  111 

27, 438 

27, 438 

68. 771 

1,353.3 

Buses: 

336 

16 

382 

2,  497 
640 

3, 137 

4,114 
354 

7,605 

1,785 
1,785 

332 

332 

160 
160 

43 
43* 

711 
46 
757 

2,497 
640 

3, 137 

4,114 
354 

7,605 

1.782 
.115 
1.897 

6.  259 

1.604 
7.863 

10.311 
.887 

19.061 

35. 0 

2.3 

37.3 

123. 2 
31.5 

154.7 

202.  9 

17.5 

375. 1 

Other                    

All  buses 

Single-unit  trucks: 

Panel  and  pickup 

Other  2-axle,  4-tire 

All  2-axle,  4-tire  trucks. 

3-axle                .     

All  single-unit  trucks 

Vehicle  combinations: 

Tractor-semitrailer 

15,814 

1,197 

17,011 

13,679 
1,035 

14,714 

3,299 

293 

3,592 

1,993 

151 

2,144 

343 

31 

374 

142 

11 

153 

38 
3 

41 

3,680 

327 

4,007 

9.223 

.820 
10.043 

181.5 

16.1 

197.0 

All  combinations 

All  trucks  and  combinations. 

93, 125 

90,828 

11, 197 

2,144 

374 

153 

41 

11,612 

29. 104 

572.7 

505, 960 

501,718 

39,017 

3,929 

700 

313 

84     • 

39,807 

99.  772 

1,963.3 

Fuel  consumed   by  motor- 
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Figure  9. — Percentage  distribution  of  motor-fuel  consumption  by 
private  and  commercial  vehicles  in  1952. 


ease  of  commercial  buses.  Available  oper- 
ating data  indicate  that  relations  between  the 
gasoline-consumption  rates  and  average  oper- 
ating weights  of  intercity  buses  are  almost  in 
line  with  the  corresponding  relations  calcu- 
lated by  use  of  the  equation,  but  that  in  the 
case  of  intracity  and  suburban  buses  the  rates 
are  much  higher,  probably  because  of  the 
combined  effects  of  frequent  stops,  urban 
congestion,  and  other  factors  peculiar  to  such 
operations.  The  composite  gasoline-consump- 
tion rate  shown  was  developed  from  operating 
statistics  of  the  24  companies  previously 
cited." 

Fuel  Consumption  and  Fuel-Tax 
Payments 

Table  7  presents  the  calculated  fuel  con- 
sumption and  fuel-tax  payments  of  each  of 
the  various  classes  of  vehicles  indicated  in  the 

"  See  footnote  8,  p.  24. 


visual  classification  adopted  for  this  study. 
Figure  9  shows  the  percentage  distribution  of 
indicated  total  fuel  consumption. 

Fuel  consumption 

The  fuel-consumption  data  shown  in  table 
7  were  calculated  by  multiplying  the  total 
mileages  traveled  by  the  corresponding  rates 
shown  in  table  6.  Separate  calculations  of 
gasoline,  diesel,  and  other  fuel  used  were  made 
on  the  basis  of  the  percentages  of  total  use 
there  indicated. 

The  total  calculated  consumption  of  39,807 
millions  of  gallons  of  fuel  of  all  kinds  is  91 
million  gallons,  or  0.225  percent,  below  the 
39,898  million  gallons  of  fuel  used  by  private 
and  commercial  vehicles  for  highway  purposes 
in  1952.  However,  the  analysis  made  for  this 
article  did  not  take  into  account  fuel  con- 
sumed by  motorcycles,  motor  scooters,  and 
other  similar  vehicles,  nor  did  it  give  con- 
sideration to  the  use  of  fuel  on  which  highway- 


user  taxes  were  paid  and  no  refunds  claimed 
for  such  nonhighway  purposes  as  the  opera- 
tion of  gasoline-powered  lawnmowers,  garden 
tractors,  or  small  boats. 

There  were  about  408,000  private  and  com- 
mercial motorcycles,  motor  scooters,  and 
similar  vehicles  registered  in  1952.  If  it  can 
be  assumed  that  these  vehicles  consumed  an 
average  of  200  gallons  of  fuel  each  during  the 
year,  their  total  consumption  would  have  been 
nearly  82  million  gallons,  a  not  unlikely 
figure.  Other  investigators  have  averaged 
the  annual  consumption  of  motorcycles  at 
250  gallons,  or  even  more.  The  Federal  Co- 
ordinator of  Transportation  used  a  fuel-con- 
sumption rate  of  0.027041  gallon  per  mile  and 
an  average  annual  mileage  of  15,000  in  esti- 
mating motorcycle  fuel  consumption  in  1932.12 

Fuel  tax  payments 

During  1952,  $1,968  million  was  collected 
from  State  taxes  on  motor  fuel  used  for  high- 
way purposes.  This  total  excludes  taxes  re- 
funded upon  nonhighway  use  of  motor  fuel 
and  allowance  made  in  a  few  States  to  tax- 
payers for  cost  of  tax  collection.  It  includes 
the  incomes  from  certain  miscellaneous  re- 
ceipts, such  as  distributors'  and  retailers' 
license  fees,  inspection  fees,  etc. 

The  total  motor-fuel  consumption  covered 
by  these  tax  payments  is  not  exactly  the  same 
as  the  total  of  highway  motor-fuel  consump- 
tion by  private  and  commercial  vehicles  of 
39,898  million  gallons.  Tax  collections  do  not 
indicate  actual  fuel  consumption  during  a 
given  year  because  of  the  time  lag  between 
payment  of  the  fuel  tax  and  the  actual  use 
of  motor  fuel  and  the  handling  of  tax  refunds 
for  nonhighway  use.  Claims  for  nonhighway 
use  in  the  fall  of  one  year  may  not  be  paid 
until  the  following  year. 

For  this  reason  it  was  decided  not  to  at- 
tempt to  calculate  tax  payments  directly 
from  the  gallonage  distribution  shown  in 
table  7.  Instead,  a  percentage  distribution 
was  calculated  from  these  data  and  applied 
to  the  total  collections  of  $1,968  million,  on 
the  assumption  that  the  percentages  of  use 
reflected  by  the  collections  would  be  essen- 
tially the  same  as  those  reflecting  actual  use 
during  1952.  The  results  of  this  calculation  I 
are  shown  in  the  last  column  of  table  7. 

12  See  footnote  9,  p.  25. 
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Driver  Performance  on  Horizontal  Curves 


Reported  by  ASRIEL  TARAGIN 
Highway  Engineer 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


EXISTING  highways  are  conglomerations 
of  varied  geometric  designs.  Some  sec- 
tions are  designed  in  accordance  with  the 
most  modern  standards,  to  accommodate  large 
volumes  of  traffic  at  relatively  high  speeds, 
but  these  are  by  far  in  the  minority.  The 
greater  part  of  our  highway  system  is  of  two- 
lane  design,  often  inadequate  for  the  volume 
of  traffic  carried.  In  many  locations  the  most 
common  deficiency  is  insufficient  sight  distance 
for  safe  operation  at  desired  speeds  on  vertical 
and  horizontal  curves. 

The  effect  of  vertical  curves  on  driver  be- 
havior and  vehicle  speeds  was  discussed  in  a 
paper  presented  by  B.  A.  Lefeve  at  the  annual 
meeting  of  the  Highway  Research  Board  in 
January  1953. '  The  problem  of  horizontal 
curvatures  and  their  effects  on  driver  per- 
formance is  presented  in  this  report. 

Study  Procedure 

Driver  performance  and  passenger-car 
speeds  were  recorded  on  a  number  of  horizontal 
curves  with  minimum  sight  distances  ranging 
from  200  to  655  feet  and  with  curvatures  from 
3  to  29  degrees.  Study  locations  were  con- 
fined to  sections  of  two-lane  highway  on  which 
it  might  be  expected  that  driver  performance 
would  be  affected  by  horizontal  curvature, 
superelevation,  or  limitation  of  sight  distance. 
In  no  case  did  the  approach  grade  exceed  3 
percent,  and  no  section  had  a  vertical  curva- 
ture in  combination  with  the  horizontal 
curvature. 

All  locations  were  on  rural  highways  re- 
moved from  the  influence  of  intersections  and 
with  a  minimum  of  interference  from  roadside 
development.  The  study  included  only  pas- 
senger cars  and,  to  insure  that  they  were  not 
influenced  by  other  vehicles  traveling  in  the 
same  direction,  those  following  another  ve- 
hicle within  a  time  spacing  of  6  seconds  were 
excluded. 

The  study  was  conducted  in  two  phases. 
The  first  phase  was  initiated  in  1951  in  coop- 
eration with  the  New  York  State  Department 
of  Public  Works  and  included  studies  of  driver 
behavior  on  15  horizontal  curves.  At  these 
curves  the  speed  of  each  vehicle  observed  was 
recorded  at  100-foot  intervals  over  a  distance 
of  1,000  feet,  starting  500  feet  ahead  of  the  cen- 
ters of  the  curves  and  ending  500  feet  beyond 
the  centers.  This  included  the  entire  lengths 
of  the  curves,  since  they  were  from  400  to  900 


Some  important  observations  were  derived  from  this  study  of  free-moving  pas- 
senger-car speeds  on  horizontal  curves  of  two-lane  rural  highways.  Drivers  do 
not  slacken  speed  after  entering  a  curve,  presumably  making  their  adjustments 
on  the  approaches.  Speeds  in  llie  shorter -radius  inside  lanes  are  no  less  than 
in  the  outside  lanes,  despite  the  fact  tlutt  sight  distances  average  20  percent 
shorter.  Operating  speed  and  the  degree  of  curvature  are  linearly  related: 
while  drivers  do  not  move  at  the  high  speeds  permissible  by  the  design  on  easy 
curves,  they  often  exceed  the  design  speed  on  sharp  curves. 

Superelevation  apparently  has  no  effect  on  vehicle  speeds,  and  the  utilized 
coefficient  of  side  friction  is  relatively  small  when  the  superelevation  is  high. 
However,  there  is  a  close  relation  between  ''unit  superelevation" — the  rise  per 
foot  of  width  per  degree  of  curvature — and  safe  driving  speed.  Few  vehicles 
exceed  a  safe  speed  on  horizontal  curves  designed  with  a  unit  superelevation  of 
more  tluin  0.005  foot  per  foot  of  pavement  per  degree  of  curvature. 

Where  the  minimum  sight  distance  is  400  feet  or  more,  drivers  travel  at  speeds 
from  which  a  stop  can  be  made  within  the  available  sight  distance,  but  where  the 
sight  distance  is  below  400  feet,  drivers  travel  at  speeds  from  which  a  stop  can 
be  made  within  the  available  sight  distance  only  when  the  perception  and  re- 
action times  are  ignored.  Speeds  are  considerably  lower  on  horizontal  curves 
tluin  on  vertical  curves  with  the  same  minimum  sight  distances. 

It  is  evident  that  if  roads  are  to  be  built  safely  for  the  accommodation  of  actual 
driver  behavior— and  this  seetns  logical — the  design  of  horizontal  curves  on  two- 
lane  rural  highways  should  take  into  account  unit  superelevation,  and  shoultl 
provide  a  minimum  sight  distance  of  at  least  400  feet,  allowing  for  reasoruzble 
perception,  reaction,  and  braking  time.  That  an  adequate  margin  of  safety  is 
needed  is  evidenced  from  the  implication  in  the  study  results  that  driver  speeds 
are  more  controlled  by  the  obvious  danger  of  running  off  the  road,  when  negoti- 
ating a  horizontal  curve,  than  by  the  possible  hazard  of  an  unseen  object  where 
sight  distance  is  limited  on  either  horizontal  or  vertical  curves.  The  physical 
stress  of  centrifugal  force  can  actually  be  felt,  while  the  sight-distance  hazard 
can  only  be  imagined. 


1  Speed  characteristics  on  vertical  curves,  by  B.  A.  Lefeve. 
Highway  Research  Board  Proceedings,  1953,  vol.  32,  p.  395. 
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feet  long.  (Observations  of  vehicle  speeds  on 
the  approaches,  however,  were  not  included 
in  this  study.)  The  data  were  obtained  in 
such  a  manner  that  the  variation  in  speed  on 
each  curve  could  be  related  to  the  variation 
in  the  sight  distance  on  the  curve.  The 
results  obtained  by  this  phase  of  the  study 
are  discussed  in  the  first  part  of  this  report. 

To  supplement  the  data  obtained  in  New 
York,  the  second  phase  of  the  study  made  use 
of  data  from  studies  conducted  at  20  locations 
in  Maryland,  Illinois,  Minnesota,  and  South 
Carolina.  This  phase  consisted  of  determin- 
ing passenger-car  speeds  at  one  point  on  each 
curve — at  the  point  of  minimum  sight  dis- 
tance. The  data  collected  at  these  locations 
were  combined  with  the  New  York  data  for 
the  greater  portion  of  this  report.  The  data 
from  each  study  site  were  analyzed  separately 
for  vehicles  traveling  in  the  inside  lane  of  the 
curve  and  for  vehicles  traveling  in  the  outside 
lane  of  the  curve. 

It  should  be  understood,  of  course,  that  the 


curves  studied  are  on  two-lane  highways,  and 
the  "inside"  lane  is  that  side  of  the  road  near- 
est the  center  of  the  circle  of  which  the  curve 
is  an  arc;  the  "outside"  lane,  carrying  traffic 
in  the  opposite  direction,  is  the  other  half  of 
the  road. 

The  inside  lane  of  a  curve  has  a  slightly 
sharper  curvature  and  shorter  radius  than  the 
outside  lane.  This  difference  should  be  kept 
in  mind  in  the  consideration  of  the  results 
because  the  curvatures  as  reported  are  those 
as  measured  to  the  centerline  of  the  pavement. 
Sight-distance  measurements  were  made  sepa- 
rately for  each  direction  of  travel,  at  the 
center  of  the  lane,  from  a  height  of  4%  feet  to 
an  object  4  inches  high  in  the  same  lane. 

The  speeds  of  approximately  125  free- 
moving  passenger  cars  (not  meeting  another 
vehicle  and  more  than  6  seconds  behind  the 
preceding  vehicle)  were  observed  at  each  study 
site.  Satisfactory  data  were  obtained  for  the 
inside  lanes  of  35  different  curves  and  for  the 
outside  lanes  of  33  of  these  curves,  involving 
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Table  1. —  Locations  >in«lic<l  and  observed  speed  data  on  horizontal  curves  on  two-lane 

highways 


Local  ion 

Physical  features 

1 

nside  lane  of  curve 

( 

Utside  lane  of  curve 

Mini- 

Spei <1  ai  minimum  sight 

Mini- 

Speed  a 

minimum  sight 
distance 

State 

Pave- 
ment 
width  ' 

(  'ill    v     < 

tine 

Superel- 
evation 

mum 
sighl 
dis- 

sight 
dis- 

Aver- 

90-per- 

95-per- 

Aver- 

90-per- 

95-per- 

tance 

age 

centile 

centile 

age 

centile 

centile 

Feet 

Ft./ft. 

Feet 

M.p.h. 

M.p.h. 

M.p.h. 

Feet 

M.p.h. 

M.p.h. 

M.p.h. 

111 

1 
2-1 

IS 

22 

25°  III)' 
17-  30' 

0.083 

.  002 

200 
215 

23.7 
36.  5 

28.  9 

11.0 

29.4 
45.0 

300 

22.0 

28.5 

29.4 

N.  Y.2 

N.  Y.2 

2-0 

22 

4°  45' 

.062 

220 

38.6 

43.6 

46.5 

Md 

3 

3  26 

23°  50' 

.077 

215 

31.5 

36.2 

38.1 

455 

32.2 

36.2 

37.8 

N.  Y 

i 

17 

20°  30' 

.083 

220 

28.0 

34.5 

36. 0 

220 

30. 0 

35.0 

37.2 

Md    

o 

»28 

24 

6°  52' 
9°  10' 

.036 
.042 

236 
256 

38.6 
41.4 

46.3 
47.5 

47.  6 
49.1 

452 
453 

30.9 
40.7 

42.1 
47.1 

43.9 
49.5 

Md 

Md 

7 

i  22 

12°  15' 

.045 

285 

35.7 

41.5 

42.9 

391 

35.2 

40.4 

42.9 

Md...     - 

s 

22 

13°  44' 

.DOS 

297 

40.4 

49.7 

52.9 

323 

41.2 

46.9 

48.6 

Minn.5 

9 

26 

29°  00' 

.  002 

300 

25.1 

29.7 

31.5 

.V.  Y 

1(1 

21 

10°  00' 

.073 

300 

35.5 

44.0 

46.4 

325 

37.5 

44.5 

45.5 

Md     

11 

24 

3°  50' 

.014 

303 

46.6 

55. 1 

58.5 

526 

46.3 

53.0 

55.5 

Md 

12 

24 

4°  35' 

.028 

303 

tO.  s 

40.  5 

49.0 

489 

42.4 

47.2 

50.4 

Md    

13 

s  26 

10°  18' 

.038 

308 

41.9 

40.  3 

47.1 

377 

37.0 

44.2 

40.  5 

\ .  Y 

14 

23 

9°  30' 

.073 

320 

37.8 

45. 0 

47.  6 

320 

37.0 

44.2 

46.3 

.V.  Y 

15 

22 

11°  00' 

.073 

320 

36.0 

45.0 

46.8 

340 

35.0 

42.0 

43.8 

Md 

1G 

24 

8°C2' 

0 

324 

44.3 

52.0 

53.7 

452 

40.3 

47.0 

19.  3 

Md  

17 

21 

6°  52' 

.042 

342 

41.6 

46.8 

49.1 

439 

40.4 

48.2 

50.9 

X.  Y 

is 

23 

7°  00' 

.052 

350 

41.5 

49.5 

52.2 

375 

42.0 

47.5 

53.9 

S.  C 

19 

IS 

3°  00' 

.030 

360 

40.9 

53.1 

59.0 

360 

34.9 

44.7 

47.9 

Md 

20 

3  21) 

7°  40' 

.064 

371 

40.6 

46.7 

48.9 

655 

46.3 

53.0 

56.0 

Md... 

21 

24 

4°  35' 

.021 

377 

51.7 

58.3 

60.2 

546 

46.9 

52.5 

53.  7 

X.  Y 

22 

24 

11°  30' 

.080 

380 

40.5 

49.5 

52.4 

3S0 

39.0 

48.0 

49.3 

N.  Y 

23 

24 

6°  30' 

.062 

400 

42.5 

50.5 

53.4 

400 

41.5 

51.0 

53.7 

Md    

24 

20 

5°  40' 

.033 

407 

43.5 

49.4 

52.4 

550 

46.0 

52.9 

56.2 

Minn.5.    ... 

25 

19 

7°  30' 

.002 

420 

39.2 

48.7 

50.6 

... 

.... 

.... 

---- 

X.  Y 

20 

22 

5°  30' 

.042 

435 

37.  5 

46.  5 

48.3 

400 

38.0 

47.5 

49.9 

X.  Y 

27 

20 

0°  00' 

.002 

440 

42.5 

55.0 

57.3 

440 

40.0 

50.0 

50.6 

Md 

2S 

24 

4°  35' 

.049 

150 

45.0 

52.  5 

58.5 

557 

45.5 

52.0 

53. 0 

XT.  Y.2 

2(1-/ 

20 

4°  00' 

.  052 

460 

45.0 

55.0 

58.9 

X.  Y.2 

23-0 

21) 

2°  45' 

.052 

11,0 

18.6 

58.0 

00.0 

Md  

3(1 

24 

5°  40' 

.069 

469 

43.9 

I'.l   7 

52.1 

316 

41.5 

47.4 

49.7 

N.  Y 

31 

20 

5°  30' 

.042 

470 

41.0 

51.8 

53.8 

430 

40.5 

49.0 

51.0 

N.  Y 

32 

20 

4°  00' 

.042 

490 

39.5 

19.  5 

57.0 

500 

39.0 

49.5 

53.  1 

N.  Y 

33 

24 

3°  30' 

.040 

500 

45.5 

54.0 

56.4 

530 

45.0 

56.0 

58.7 

S.C 

34 

22 

4°  00' 

.060 

500 

40.2 

48.7 

50.6 

500 

43.0 

52.0 

54.9 

N.  Y 

35 

22 

4°  30' 

.062 

510 

43.5 

53.0 

54.6 

520 

43.0 

54.0 

57.2 

1  Approach  pavement  same  width  as  curve  except  as  noted. 

2  Sites  2  and  29  were  compound  curves,  so  the  curvature  of  the  inside  lane  differs  from  that  of  the  outside  lane. 

3  Approach  pavement  21  feet  wide. 
1  Approach  pavement  20  feet  wide. 

f  At  sites  9  and  25  data  were  not  obtained  for  the  outside  lane. 


8,400  vehicles.  Table  1  contains  a  general 
description  of  each  location  and  the  observed 
speed  data  at  the  point  of  minimum  sight 
distance. 

Summary  of  Findings 

The  analyses  of  the  data  included  investiga- 
tions of  the  coefficient  of  side  friction  that 
vehicles  actually  develop  in  traversing  hori- 
zontal curves,  the  effect  of  superelevation  on 
driver  behavior,  sight  distance  as  related  to 
curvature,  speed  as  related  to  sight   distance 

and  curvature,  and  actual  passenger-car sp Is 

as  compared  to  various  standards  for  safe 
speeds  as  based  on  stopping  distances. 

The  data  indicate  the  following  for  the 
conditions  of  speed  and  sight  distance  gener- 
ally prevailing  in  the  areas  where  the  studies 
were  conducted: 

1.  Drivers  of  free-moving  passenger  cars  do 
not  change  their  speeds  appreciably  after 
entering  a  horizontal  curve.  Any  adjustment 
in  speed  that  is  made  because  of  curvature  or 
limited  sight  distance  is  made  on  the  approach 
to  the  curve.  Observations  of  vehicle  speeds 
on  the  approaches  were  not  included  in  this 
study. 

2.  Speeds  in  the  outside  lanes  were  about 
the  same  as  those  in  the  inside  lanes  despite 
the  fact  that   minimum  sight  distances  were, 
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on  an  average,  20  percent  greater  in  the  out- 
side lanes  than  in  the  inside  lanes  of  the  curves 
included  in  these  studies  Operating  condi- 
tions as  far  as  the  minimum  sight  distance  is 
concerned  were  therefore  more  critical  for  the 
inside  lanes  than  for  outside  lanes,  especially 
on  I  he  sharper  curves. 

3.  The  amount  of  superelevation  on  the 
curves  studied  had  no  effect  on  vehicle  speeds. 
For  this  reason  the  utilized  coefficient  of  side 
friction  on  the  same  degree  of  curvature  is 
smaller  when  the  superelevation  is  high  than 
when  it  is  low.  Ten  percent  of  the  drivers 
develop  a  coefficient  of  side  friction  of  0.3  or 
more  on  horizontal  curves  sharper  than  15 
degrees.  A  coefficient  of  side  friction  of  0.16, 
however,  is  rarely  exceeded  on  curves  of  6 
degrees  or  less. 

4.  Superelevation,  as  normally  used  in 
terms  of  feet  of  rise  per  foot  of  pavement 
width,  without  regard  to  the  sharpness  of  the 
curve,  bears  no  relation  to  the  percentage  of 
vehicles  exceeding  the  "safe"  speed  based  on 
curvature,  superelevation,  and  coefficient  of 
side  friction.  A  close  correlation  exists,  how- 
ever, between  unit  superelevation  and  the  per- 
centage of  vehicles  exceeding  the  computed 
safe  speed  based  on  curvature  and  supereleva- 
tion; the  "unit  superelevation"  being  the  feet 
of  rise  per  foot  of  width  per  degree  of  curva- 


ture. The  analysis  indicates  that  few  vehicles 
exceed  a  safe  speed  on  horizontal  curves 
designed  with  a  unit  superelevation  of  more 
than  0.005  foot  per  foot  of  width  per  degree 
of  curvature.  This  is  a  very  simple  unit  to 
apply  in  the  design  of  horizontal  curves. 

5.  The  minimum  sight  distance  on  hori- 
zontal curves  is  not  necessarily  controlled  by 
or  related  to  the  degree  of  curvature.  On 
the  curves  studied,  however,  there  was  a 
general  tendency  for  the  flatter  curves  (those 
of  longer  radii)  to  have  the  longer  minimum 
sight  distances. 

6.  Operating  speed  and  degree  of  curvature 
are  closely  related,  and  the  relation  is  linear. 
Drivers  do  not  drive  at  the  high  speed  per- 
mitted by  the  design  on  easy  curves,  and 
exceed  the  design  speed  on  sharp  curves 
sometimes  by  as  much  as  10  miles  per  hour. 

7.  Considering  curvature  and  sight  distance 
only,  curvature  has  a  much  greater  effect  on 
vehicle  speed  than  sight  distance. 

8.  Driver  performance  on  horizontal  curves 
is  such  that  when  the  minimum  sight  distance 
is  400  feet  or  longer,  few  drivers  exceed  what 
can  be  considered  a  safe  speed  regardless  of 
which  of  the  commonly  employed  factors  is 
used  in  computing  driver  stopping  distances. 
With  the  shorter  sight  distances,  however, 
most  drivers  stay  within  a  speed  from  which 
they  could  come  to  a  stop  within  the  available 
sight  distance  only  if  no  allowance  is  made  for 
perception  and  reaction  time.  Between  these 
two  extremes  the  percentage  of  vehicles  ex- 
ceeding the  safe  speed  depends  on  the  criterion 
used  to  determine  the  safe  speed. 

From  these  studies  it  appears  that  sight 
distances  should  be  at  least  400  feet  (if  meas- 
ured from  a  height  of  4%  feet  to  4  inches)  on 
horizontal  curves  on  two-lane  main  rural  high- 
ways if  drivers  are  to  be  expected  to  stop  when 
an  object  suddenly  appears  in  their  lane. 

9.  Vehicle  speeds  are  considerably  lower  on 
horizontal  curves  than  on  vertical  curves  with 
the  same  minimum  sight  distance. 

New  York  Studies 

In  the  New  York  studies,  vehicle  speeds 
were  recorded  in  each  of  the  two  lanes  at 
100-foot  intervals  for  a  distance  of  1,000  feet 
including  the  sharpest  sections  of  the  hori- 
zontal curves.  The  individual  car  speeds 
were  obtained  by  measuring  the  time  it  took 
vehicles  to  travel  the  100-foot  distances  be- 
tween the  stations  on  each  curve.  A  distribu- 
tion of  vehicle  speed  and  the  average  speed 
were  thus  obtained  for  vehicles  while  in  each 
of  the  ten  100-foot  sections.  Using  sight  dis- 
tances recorded  separately  for  each  direction 
of  travel,  the  design  speed  based  on  the  Ameri- 
can Association  of  State  Highway  Officials 
standards  for  nonpassing  sight  distances  only 
was  determined  for  each  curve  in  each  direc- 
tion. The  percentage  of  cars  exceeding  the 
design  speed  determined  in  this  manner  at 
each  100-foot  station  was  then  obtained  from 
the  speed  distribution. 

Typical  data  recorded  in  New  York  are 
plotted  for  one  location  in  the  chart  at  the  left 
in  figure  1.  The  bottom  portion  of  the  chart 
shows   the   sight   distances   on   the   curve  for 
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Figure  1. — Typical  data  recorded  at  two  locations  in  New  York  State. 


ach  direction  of  travel.  The  middle  portion 
hows  the  average  speeds,  the  90-percentile 
speeds,  and  the  design  speeds  based  on 
AA.S.H.0.  nonpassing  sight-distance  standards. 
[The  90-percentile  speed  is  that  speed  exceeded 
by  only  10  percent  of  the  vehicles.)  As  indi- 
cated, this  was  a  7°  00'  curve,  583  feet  long. 
The  upper  portion  of  the  chart  shows  the 
oercentage  of  vehicles  exceeding  the  design 
<peed  at  the  several  points  on  the  curve. 

The  minimum  sight  distance  for  each  direc- 
ion  of  travel  occurs  about  100  feet  ahead  of 
the  center  of  the  curve,  and  this  is  character- 
stic  of  all  the  horizontal  curves  studied.  It 
brill  be  noted  that  for  the  inside  lane,  where  the 
minimum  sight  distance  is  350  feet,  the  average 
ind  the  90-percentile  free-moving  passenger- 
par  speeds  were  41  and  50  miles  per  hour, 
respectively. 

The  chart  at  the  right  in  figure  1  is  for  a 
location  where  the  minimum  sight  distance 
Las  only  about  200  feet.  The  two  charts 
illustrate  an  important  driver  characteristic 
Dbserved  at  all  of  the  locations  in  New  York — 
drivers  of  free-moving  passenger  cars  do  not 
change  their  speeds  appreciably  after  entering 
a  horizontal  curve,  even  when  the  curvature 
is  as  sharp  as  15  degrees.  Most  of  the  adjust- 
ment in  speed  that  is  made,  whether  because 
at  curvature,  limited  sight  distance,  or  other 
reasons,  is  made  on  the  approach  to  the  curve. 
(Observations  of  changes  in  speed  on  the 
ipproaches  were  not  included  in  this  study.) 
Furthermore,  a  rather  high  percentage  of 
irivers  travel  around  curves  with  short  sight 


distances  at  speeds  which  are  higher  than  those 
based  on  the  A.A.S.H.O.  design  standards  for 
nonpassing  sight  distance. 

Even  though  drivers  do  not  materially  reduce 
their  speeds  while  on  a  curve,  there  is  a  defi- 
nite relation  between  operating  speeds  and  the 
minimum  sight  distances  on  different  curves 


in  New  York.  Figure  2  shows  two  sets  of 
speed  distributions  for  horizontal  curves  hav- 
ing minimum  sight  distances  between  200  and 
550  feet,  by  50-foot  increments.  (No  loca- 
tions were  studied  where  the  minimum  sight 
distance  was  between  250  and  299  feet.) 
The  curves  on  the  left  show  the  distributions 
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Figure  2. — Distribution  of  free- moving  passenger-car  speeds  on  horizontal  curies  of  two* 

lane  highways  in  New  York  State. 
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Figure  3. — Relation  of  90-  and  95-percentile  speeds  to  minimum  sight  distance. 


of  the  minimum  speeds  for  the  various  sight- 
distance  conditions.  For  this  purpose  the 
m iniinum  speed  of  each  driver,  regardless  of 
where  the  minimum  speed  occurred  on  the 
curve,  was  used  to  determine  the  frequency 
distribution.  Similarly,  the  set  of  curves  on 
the  right  shows  distributions  of  maximum 
speeds  for  the  several  horizontal  curves  falling 
in  the  same  sight-distance  groupings. 

It  will  be  noted  that  for  both  minimum  and 
maximum  speeds,  the  speeds  are  considerably 
lower  at  locations  where  the  minimum  sight 
distance  is  below  250  feet  than  at  locations 
where  the  minimum  sight  distance  is  greater 
than  500  feet.  There  is  little  difference  be- 
tween the  speed  distributions  for  the  three 
minimum-sight-distance  groups  that  range 
from  350  to  500  feet.  There  is  a  consistent 
relation  between  the  speeds  of  the  faster 
drivers  (90-percentile  speed  or  higher)  and  the 
minimum  sight  distance. 

This  relation  between  the  speed  and  mini- 
mum sight  distance  for  the  higher  speed 
drivers  is  shown  in  a  different  form  in  figure  3. 
It  may  be  noted  that  for  each  of  the  four 
curves  the  speeds  increase  progressively  as  the 
minimum  sight  distances  increase,  although 
not  at  a  uniform  rate.  Speeds  of  the  faster 
group  of  drivers  are  related  in  some  degree  to 
the  available  sight  distance  on  horizontal 
curves.  This  might  appear  to  contradict  the 
data  presented  in  figure  1,  but  further  ex- 
amination will  reveal  that  this  is  not  the  case. 
Figure  1  shows  the  average  behavior  of  all 
drivers  at  each  100-foot  station  around  a 
horizontal  curve  and,  as  stated  before,  the 
speed  of  the  average  driver  does  not  reflect 
the  rapid  change  in  the  sight  distance  at 
different  points  on  the  curve.  In  figures  2  and 
3,  however,  the  minimum  and  maximum 
speeds  of  individual  drivers  have  been  related 
to  the  minimum  sight  distances  for  the  differ- 
ent horizontal  curves.  The  minimum  and  the 
maximum  speeds  of  different  drivers  do  not 
necessarily  occur  at  the  same  points  on  a 
horizontal  curve.  The  variations  in  the  make 
and  model  of  car,  in  the  individual  perception 
and  reaction  times  and  other  driver  charac- 
teristics, undoubtedly  affect  the  individual 
reactions  to  highway  conditions. 
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The  foregoing  discussion  was  confined  to 
the  results  of  the  studies  conducted  in  New 
York  because  only  in  these  studies  were  the 
vehicle  speeds  observed  over  a  length  of  high- 
way. In  the  remainder  of  this  article,  rela- 
tions between  speed  and  sight  distance  and 
other  factors  involve  only  the  speeds  at  the 
points  of  minimum  sight  distance,  and  ac- 
cordingly data  for  all  locations  studied  are 
included. 

Sight  Distance-Curvature  Relation 

Drivers  approaching  horizontal  curves  can 
see  that  the  sight  distances  are  shorter  on 
some  curves  than  on  others,  and  to  some  ex- 
tent they  can  judge  that  one  curve  is  sharper 
than  another.  Undoubtedly,  drivers  control 
their  speed  on  the  basis  of  their  experience 
with  respect  to  one  or  both  of  these  factors. 


Under  some  conditions,  as  in  a  cut  or  in  a 
wooded  area,  the  minimum  sight  distance  on 
horizontal  curves  would  vary  inversely  with 
the  degree  of  curvature,  but  under  the  more 
usual  conditions,  where  sight  distance  is  de- 
termined by  other  than  cross  section,  this  is 
seldom  the  case.  Among  the  locations  studied 
for  this  report  there  are  some  very  sharp 
curves  where  the  minimum  sight  distance  is 
greater  than  at  some  of  the  flatter  curves. 

Figure  4  shows  the  relation  between  mini- 
mum sight  distance  and  degree  of  curvature 
as  found  on  the  35  curves  studied.  The  points 
are  widely  scattered.  In  extreme,  at  locations 
where  the  curvatures  are  about  5  degrees  the 
sight  distances  range  from  220  to  560  feet; 
conversely,  the  curvature  ranges  from  4  to  29 
degrees  for  the  curves  with  300-foot  minimum 
sight  distance. 

Mathematical  analysis  employing  the 
method  of  least  squares  was  applied  to  the 
basic  data  to  determine  the  interrelation  be- 
tween minimum  sight  distance  and  curvature. 
The  analysis  showed  that  the  minimum  sight 
distance  on  these  horizontal  curves  is  not 
necessarily  controlled  by  or  related  to  the 
degree  of  curvature.  There  is,  however,  a 
general  tendency,  as  should  be  expected,  for 
the  flatter  curves  to  have  the  greater  minimum 
sight  distances.  On  the  average,  for  each 
100-foot  change  in  sight  distance,  there  ap- 
pears to  be  a  change  of  about  3  degrees  in 
curvature. 

Even  though,  in  open  and  level  terrain,  the 
available  sight  distance  is  not  necessarily  re- 
lated to  the  curvature,  the  design  of  highway 
curvature  and  superelevation  is  based  on  the 
probable  future  speeds  and  an  effort  is  made 
to  provide  adequate  sight  distance  for  safe 
operation  at  those  speeds.  It  is  important, 
therefore,  to  determine  to  what  extent  drivers 
are  influenced  in  their  speeds  by  the  combina- 
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tion  of  curvature  and  superelevation  and  by 
the  available  sight  distances. 

Speed-Curvature  Relation 

The  speeds  at  which  drivers  operated  on  the 
urves  of  various  degrees  are  shown  in  figure  5. 
The  points  for  these  curves  were  plotted  by 
:ombining  the  inside  and  outside  lane  speed 
lata  shown  in  table  3.  For  this  purpose  it 
>vas  found  not  to  be  necessary  to  plot  the  lane 
speeds  separately  because  for  the  same  curve 
;he  average  difference  was  only  0.2  mile  per 
lour.  (The  arrangement  within  groups  in 
;able  3  was  governed  by  considerations  which 
tvih  be  explained  later.) 

Points  are  shown  only  for  the  average  speed 
or  each  of  the  curvature  groups  in  the  table. 
The  point  shown  for  a  curvature  of  16  to  20 
legrees  represents  only  1  location,  but  all  the 
)ther  points  represent  data  averaged  for  7  to 
JO  locations.  The  points  for  the  90-  and  95- 
jercentile  curves  are  not  shown,  but  they  fell 
is  close  to  their  respective  curves  as  those  for 
phe  average  speeds.  Points  representing 
speeds  at  the  individual  locations  as  well  as 
hose  for  the  groups  also  came  remarkably 
ilose  to  the  curves. 

The  method  of  least  squares  was  used  to 
it  a  straight  line,  a  hyperbola,  and  a  parabola 
.o  the  data  for  the  individual  locations,  and 
;he  straight-line  relation  between  speed  and 
urvature  was  found  to  give  the  best  fit. 
The  resulting  equations,  with  the  correspond- 
ng  standard  errors  and  coefficients  of  corre- 
ations,  are  shown  in  table  2.  The  high  cocffi- 
;ients  of  correlation  found  for  these  equations 
ndicate  that  operating  speeds  are  very  closely 
•elated  to  the  degree  of  curvature  for  the  range 
jetween  2-degree  and  30-degree  curves  in- 
:luded  in  this  study.  The  average  speed  is 
owered  by  3  miles  per  hour  for  each  4  degrees 
hat  the  curvature  increases,  and  the  95- 
jercentile  speed  is  lowered  by  1  mile  per  hour 
or  each  1-degree  increase  in  curvature. 

Included  in  figure  5  is  a  curve  showing 
speeds  that  are  presumed  to  be  safe  for  the 
various  degrees  of  curvature.  These  "safe" 
speeds  are  based  on  the  average  superelevation 
or  each  of  the  curvature  groups  in  table  3 
md  the  current  standards  of  highway  design  2 
is  shown  in  figure  6.  This  is  a  curved  relation 
between  speed  and  curvature,  whereas  the 
ictual  performance  of  drivers  is  a  straight-line 
elation.  A  driver  traveling  at  the  average 
speed  of  all  free-moving  vehicles  does  not 
exceed  what  is  considered  a  safe  speed  on  any 
)f  the  curves.  The  fastest  10  percent  of  the 
drivers,  however,  do  exceed  the  safe  speeds  on 


'  Transition  curves  for   highways,   by    Joseph    Barnett. 
3ureau  of  Public  Roads,  1940.    p.  191. 
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Figure  5. — Relation  between  speed  and  horizontal  curvature. 
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Figure  6. — Maximum  curvature  for  various  assumed  design  speeds. 


curves  sharper  than  8  degrees,  and  on  curves 
sharper  than  16  degrees  the  average  driver 
travels  at  about  the  safe  speed,  indicating  that 
nearly  half  of  the  drivers  exceed  the  safe  speed. 


Table  2. — Relation  between  speed  and  horizontal  curvature 


Speed 


Average 

90-percentile 
95-percentUe 


Equation  ' 


V„=46.26-0.746  D. 
FM= 55.22-0.909  D 
Tr8j=58.4fi-1.000  D 


Standard 
error  (ad- 
justed) 


M.p.h. 

3.15 
3.29 
3.51 


Coefficient  of 
correlation 
(adjusted) 


0.819 
.858 
.863 


l7=speed  in  miles  per  hour;  D=curvature  in  degrees. 
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At  individual  locations  included  in  (his  study, 
10  percent  of  the  drivers  exceeded  the  safe 
speed  by  as  much  as  10  miles  per  hour.  It  is 
apparent,  therefore,  that  when  the  road  is 
clear  and  dry  many  drivers  actually  utilize  a 
coefficient  of  side  friction  which  exceeds  that 
intended  in  modern  highway  design.  Nor- 
mally a  low  value  of  side  friction  is  purposely 
used  in  design  to  provide  some  margin  of 
safety.  To  reduce  the  needed  side  friction, 
highway  designers  make  use  of  superelevation. 
Generally,  however,  the  superelevation  is 
limited  to  a  maximum  of  0.10  foot  per  foot, 
and  even  on  the  sharpest  curves  included  in 
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Table  3.- 

-Coefficient  of 

side  friction  as  related  to 

speed  on  horizontal 

curves 

on  two-lane 

highways 

Qroup  and  site  No.1 

ture 
group 

Super- 
eleva- 
tion 

Inside  lane  o 

curve 

Outside  lane  of  curve 

Mini- 
mum 
sight 
distance 

S  peril 
sig 

at    minimum 
lit  distance 

Coefficient  ol  side  friction 

Mini- 
mum 
sight 
distance 

Speed  at  minimum 
sight  distance 

Coefficient  of  side  friction 

Aver- 
age 

90-per- 

centile 

95- per- 
centile 

Aver- 
age 

90-per- 
centile 

95- per- 
centile 

Aver- 
age 

90-per- 
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1  The  outside  and  inside  lanes  have  different  curvatures  at  sites  2  and  29,  and  no  outside  lane  data  were  obtained  al  sites  9  ami  25. 
and  O  for  outside  lane),  separate  group  averages  for  inside  and  outside  lanes  are  given  lor  some  groups. 


Because  "I  these  cases  (as  indicated  by  /for  inside  lam 


this  study  the  maximum  was  only  0.083  foot 
per  foot. 

The  family  of  curves  in  figure  6,  used  In 
represent  current  design  practices,  is  based  on 
a  safe  coefficient  of  side  friction  of  0.16  for 
speeds  up  to  60  miles  per  hour,  0.15  for  65 
miles  per  hour,  and  0.14  for  70  miles  per  hour. 

Side  Friction  Utilized 

One  of  the  factors  of  highway  design  for 
which  factual  data  have  been  seriously  lack- 
ing  is  the  coefficient  of  side  friction  thai 
vehicles  actually  develop  as  they  negotiate 
various  curves.  The  coefficients  of  side  fric- 
tion developed  on  the  horizontal  curves  in- 
cluded in  this  study  were  determined  from  the 
data  recorded,  using  the  following  basic 
formula: 

„     0.067  F2 


R 


—S 


where 


F=  coefficient  of  side  friction. 

V=  speed  in  miles  per  hour. 

R  =  radius  of  curve  in  feet. 

<S= superelevation  in  feet  per  foot. 

The  basic  data  for  each  of  the  curves  in- 
cluded in  the  study  and  the  calculated  coeffi- 
cients of  side  friction  are  shown  in  table  3. 
In  this  table  the  horizontal  curves  have  first 
been  arranged  in  groups  according  to  degree 
of  curvature.  Each  of  these  groups  has  been 
further  divided  into  two  subgroups,  the  first 
subgroup  including  curves  having  relatively 
low  superelevations  and  the  other  subgroup 
including  curves  having  the  higher  super- 
elevations. 

The  superelevations  used  to  separate  the 
data  into  the  subgroups  were  related  to  the 
curvatures.  For  3-  and  4-degree  curves  the 
division  was  made  at  a  superelevation  of 
about  0.04  foot  per  foot.  This  value  increases 
as  the  degree  of  curvature  increases,  and  for 
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t  he  sharper  curves  the  division  was  made  at 
about  0.08  foot  per  foot.  The  coefficients  of 
side  friction  are  shown  for  the  average  speed 
for  the  90-percentile  speed,  and  for  the  95- 
percentile  speed  on  each  curve. 

Figure  7,  showing  separately  for  inside  and 
outside  lanes  the  relation  of  speed,  coefficient 
of  side  friction,  and  superelevation,  was 
plotted  from  the  average  values  for  each 
group  of  curves  in  table  3.  The  lower  chart 
of  each  pair  shows  the  average,  90-,  and  95- 
percentile  speeds  for  each  curvature  group; 
the  upper  chart  shows  the  corresponding  co-l 
efficient  of  side  friction  utilized  in  negotiating; 
the  various  curves  at  the  indicated  speeds. 

It  may  be  noted  from  figure  7  that  the  oper-i 
ating  speeds  are  about  the  same  on  horizonta 
curves  of  similar  degree,  regardless  of  the 
superelevations,  within  the  limits  of  this  study 
This  appears  to  be  true  for  both  the  insid< 
and   outside   lanes.      The   amount   of  super 
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elevation,  therefore,  apparently  had  little  or 
no  effect  on  the  operating  speeds. 
t  It  follows,  then,  that  the  utilized  coefficient 
of  side  friction  was  smaller  when  the  super- 
elevation was  high  than  when  it  was  low. 
For  example,  for  the  inside  lanes  (figure  7)  on 
curves  of  10  to  15  degrees  the  side  friction  for 
drivers  traveling  at  the  average  speed  was  0.17 
when  the  superelevation  was  0.050  foot  per 
foot  and  0.10  when  the  superelevation  was 
0.075  foot  per  foot.     The  high-speed  drivers 

iveloped  higher  coefficients  of  side  friction: 
At  the  95-percentile  speed,  coefficients  of  side 
friction  averaged  0.28  when  the  supereleva- 
tion was  0.50  and  0.22  when  the  supereleva- 
tion was  0.075  foot  per  foot.  In  both  of  these 
cases  the  difference  in  side  friction  between 
the  low  and  higher  superelevations  was  about 
the  same,  being  0.06  in  the  one  example  and 
0.07  in  the  other.  On  curves  of  less  than  7 
degrees  the  difference  was  less,  being  in  the 
neighborhood  of  0.02  or  0.03. 

Figure  7  also  shows  that  the  utilized  co- 
efficient of  side  friction  generally  increased  as 
the  degree  of  curvature  increased,  and  that 
the  coefficient  was  slightly  smaller  for  the 
outside  than  for  the  inside  lanes. 

Critical  Criterion  of  Superelevation 

Since  it  was  found  that  curvature  affected 
the  operating  speeds  on  horizontal  curves  but 
that  superelevation  had  little  or  no  effect,  the 
analysis  was  directed  to  the  percentage  of 
vehicles  that  exceeded  safe  speeds  based  on 
curvature  and  superelevation.  Supereleva- 
tion is  normally  expressed  in  units  of  feet  of 
rise  per  foot  of  pavement  width,  and  curva- 
ture in  degrees.  To  facilitate  the  determina- 
tion of  the  number  of  vehicles  that  were  oper- 
ating at  unsafe  speeds  in  relation  to  the  geo- 
metric features  of  the  highway,  it  was  found 
desirable  to  express  the  superelevation  in 
terms  of  feet  of  rise  per  foot  of  pavement  width 
per  degree  of  curvature,  a  term  hereafter  iden- 
tified as  the  unit  of  superelevation. 

An  extremely  high  degree  of  correlation  was 
found  to  exist  when  this  unit  of  superelevation 
was  related  to  the  percentage  of  vehicles  ex- 
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Figure  7. — (Above)  Relation  between  speed, 
coefficient  of  side  friction,  and  super- 
elevation 

ceeding  the  safe  speed,  as  shown  in  figure  8 
Only  one  curve  is  shown  for  both  lanes  of 
travel,  because  the  individual  curves  for  the 
inside  and  outside  lanes  coincide.  This  is 
easily  understood  if  it  is  remembered  that  the 
curvature  was  measured  to  the  center  of  the 
highway,  not  separately  for  each  lane,  and 
that  operating  speeds  were  nearly  the  same  in 
both  directions  of  travel.  The  actual  plot- 
ting points  are  not  shown  in  figure  8,  but  they 
were  all  very  close  to  the  average  curve,  indi- 
cating a  very  consistent  relation  between  the 
two  variables.  This  was  the  case  even  though 
both  sharp  and  moderate  curves  were  included 
over  the  entire  range  of  unit  superelevations 
used. 

The  curve  breaks  very  sharply  at  a  unit 
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Figure  9.— Relation  between  speed  and  minimum  sight  distance. 


superelevation  of  about  0.005.  This  indicates 
that  for  conditions  included  in  this  study  few 
vehicles  exceed  a  safe  speed  on  horizontal 
curves  designed  with  a  unit  superelevation  of 
more  than  0.005  foot  per  foot  of  pavement  per 
degree  of  curvature.  For  unit  superelevations 
less  than  this  amount,  however,  a  high  per- 
centage of  the  vehicles  will  exceed  the  speeds 
considered  safe  for  the  combination  of  curva- 
ture, superelevation,  and  coefficients  of  side 
friction  as  shown  in  figure  6.  Although  there 
are  curves  with  unit  superelevations  of  less 
than  0.005  foot  per  foot  per  degree,  specifica- 
tions in  modern  design  standards  generally 
provide  higher  rates. 

Speed-Minimum  Sight  Distance 
Relation 

In  addition  to  consideration  of  curvature 
and  superelevation,  modern  design  practices 
require  sight  distances  adequate  for  safe  oper- 
ation. This  study  provides  data  for  an  analy- 
sis of  the  extent  to  which  sight  distance  on 
horizontal  curves  affects  driver  speeds.  The 
relation  between  speed  and  sight  distance, 
neglecting  the  effect  of  curvature,  is  shown 
in  figure  9,  the  curves  being  based  on  the  data 
in  table  1. 

One  fact  clearly  brought  out  in  the  figure 
is  that,  at  a  given  minimum  sight  distance, 
vehicle  speeds  are  higher  on  the  inside  lanes 
than  on  the  outside  lanes.  At  a  given  location 
the  observed  speeds  were  about  the  same  in 
both  lanes  but,  because  the  sight  distances 
are  longer  for  a  driver  traveling  in  the  outside 
lane  than  in  the  inside  lane,  the  relation  shown 
in  figure  9  is  obtained.  On  an  average,  the 
minimum  sight  distance  in  the  outside  lane 
was  about  20  percent  higher  than  in  the  inside 
lane.  Taking  this  into  consideration,  it  ap- 
pears that  the  drivers  in  the  inside  lanes  are 


more  apt  to  exceed  safe  speed  with  respect  to 
sight-distance  requirements  than  when  they 
are  traveling  in  the  outside  lanes. 

As  previously  stated,  the  relation  between 
available  sight  distance  and  speed  as  shown  in 
figure  9  entirely  ignores  the  fact  that  at  the 
locations  with  the  shorter  sight  distances  the 
curvatures  are  generally  sharper  than  at  the 
locations  with  the  longer  sight  distances.  The 
change  in  speed  with  a  change  in  sight  distance 
as  shown  in  figure  9  may  therefore  have  been 
caused  largely  by  the  driver's  reaction  to  curv- 
ature rather  than  sight  distance. 

As  may  be  observed  from  figure  9,  the  opera- 
ting speeds  are  related  to  the  minimum  sight 
distance,  but  the  data  at  the  individual  loca- 
tions vary  considerably  about  the  established 
theoretical  relations  shown  in  table  4.  This 
is  indicated  by  the  relatively  high  standard 
errors,  which  are  an  index  of  the  dispersion  of 


the  individual  points  about  the  curves.  These 
standard  errors  are  much  greater  than  those 
for  speed  as  related  to  curvature  which  are 
shown  in  table  2.  This  was  the  case  even 
though  every  effort  was  made  to  determine 
whether  there  was  not  a  more  direct  relation 
between  speed  and  sight  distance.  The  hyper- 
bolic equations  shown  in  table  4  were  found  by 
the  method  of  least  squares  to  give  the  best  fit 
of  the  individual  points  to  the  curves.  Other 
types  of  general  equations  tried  were  the 
straight  line,  parabola,  and  two  additional 
hyperbolas. 

Although  the  speeds  of  drivers  on  horizontal 
curves  are  not  principally  governed  by  sight- 
distance  conditions,  it  is  of  interest  to  examine 
the  extent  to  which  drivers  exceed  safe  speeds 
as  determined  by  various  sight-distance 
criteria. 

Included  in  figure  9  is  a  curve  showing  the 
A.A.S.H.O.  recommended  nonpassing  mini- 
mum sight  distance  for  given  speeds.  The 
average  driver  was  found  to  operate  his  car  at 
a  speed  from  which  he  could  have  stopped 
safely,  according  to  these  standards,  on  all 
horizontal  curves  for  which  the  minimum 
sight  distance  was  about  200  feet  or  more. 
The  high-speed  (95-percentile)  drivers  oper- 
ated their  cars  at  speeds  which  would  permit 
them  to  stop  within  the  available  sight  dis- 
tance only  when  sight  distances  were  above 
400  feet. 

Since  drivers  do  not  control  their  speeds  to 
conform  with  the  available  sight  distances  as 
related  to  total  stopping  distances,  it  is  of 
interest  to  determine  what  portion  of  the  total 
stopping  distances,  for  the  speeds  actually 
observed,  is  provided  by  the  available  sight 
distance.  Results  from  several  studies  show 
the  distances  necessary  to  bring  vehicles  to  a 
stop  from  various  speeds.  Among  other 
things,  these  tests  show  the  braking  distance, 
which  is  the  distance  required  to  stop  from  the 
moment  the  brakes  are  applied  until  the  car 
comes  to  a  standstill.  Not  so  readily  deter- 
minable is  the  driver  (or  total)  stopping  dis- 
tance, which  is  the  braking  distance  plus  the 
distance  the  car  travels  during  the  driver 
perception  and  reaction  time.  Table  5  shows 
the    braking    and    driver    stopping    distances 


Table  4. — Theoretical  equations  showing  relation  between  speed  and  minimum  sight 

distance 


Speed 

Equation  ' 

Standard 
error  (ad- 
justed) 

Coefficient  of 
correlation 
(adjusted) 

Inside  lanes: 

Average..  .      .  .  

90-percent  ile _  

K.=56.8-^ 

M.p.h. 
4.55 

5.  14 

5.24 

4.14 

4.64 

5.14 

0.613 

.643 
.708 
.623 
.657 
.615 

S+1 
t-      bo  ■;     97-° 

95-percentile 

Outside  lanes: 
Average 

S+1""" 

1-     --Af,       108-8 

'      S+1 
F0=65.6-f^ 

S+1 
T-      rn    -96-3 

95-percentile. 

s+v 

F95=68.S-^ 

S+1 

1  r=speed  in  miles  per  hour;  S=minimum  sight  distance  in  hundreds  of  feet. 


34 


June  1954  •  PUBLIC  ROADS 


Table  5. — Relation  of  braking  and  driver  stopping  distances  to  speed 


Speed 


M.p.h. 

20 

30 

40 

50 

60 

70 


Braking  distance  from  study  i 


15-porcentile 


Feet 

16 
36 

64 
100 
144 
196 


Average 


85-percentile 


Feet 

22 
45 
80 
134 
205 
310 


Feet 

29 
63 
118 
210 
336 
510 


Driver  stopping  distance  2 


From  study  3 


15-percentile  85-percentile 


Feet 

110 
168 
226 
283 
342 
402 


Feet 

123 
195 
280 
393 
534 
716 


A.A.S.H.O. 

(No  safety 
factor) 


Feet 

115 
180 
252 
331 
427 
533 


A.A.S.H.O. 

(1.25  safety 
factor) 


Feet 

120 
192 
275 
368 
484 
614 


'Braking  distances  of  vehicles  from  high  speeds  and  tests  of  friction  coefficients,  by  O.  K.  Normann.    Public  Roads,  vol. 
,  No.  8,  June  1953. 

2  Includes  driver  perception  and  reaction  distance. 

3  Perception  and  reaction  distance  same  as  in  A.A.S.H.O.  policy. 


This  speed  is  recorded  in  the  third  column  of 
table  6.  The  seventh  column  shows  that  none 
of  the  drivers  observed  on  the  curve  at  this 
site  exceeded  a  speed  of  30.6  miles  per  hour. 

The  data  in  tables  6  and  7  were  plotted  as 
smooth  curves  in  figure  11,  which  shows  the 
percentages  of  vehicles  exceeding  the  speeds 
from  which  drivers  can  brake  or  stop  within 
the  available  sight  distances  on  the  horizontal 
curves.  Four  pairs  of  curves  are  shown,  each 
pair  consisting  of  information  for  the  inside 
lane  and  for  the  outside  lane. 

At  locations  where  the  minimum  sight  dis- 
tance is  400  feet  or  longer,  few  drivers  exceed 
the  speed  from  which  they  are  able  to  stop 
within  the  available  sight  distance,  regardless 


ccording  to  the  A.A.S.H.O.  recommended 
lesign  standards  for  rural  highways  and  the 
esults  of  recent  braking  distance  tests. 

The  15-percentile,  average,  and  85-per- 
:entile  braking  distances  are  those  recorded 
luring  a  comprehensive  study  of  braking 
listances  of  vehicles.3  These  percentiles  were 
lsed,  rather  than  the  90-  and  95-percentiles 
lsed  elsewhere  in  this  article,  because  they 
vere  the  2  extremes  that  could  be  obtained 
vith  reasonable  accuracy  from  the  braking- 
iistance  information.  The  15-percentile  brak- 
ng  distance  is  the  distance  within  which  15 
percent  of  the  vehicles  with  the  best  brakes 
;ould  stop,  and  the  85-percentile  braking 
distance  is  the  distance  within  which  85  per- 
ent  of  the  vehicles  could  stop,  with  only  15 
percent  requiring  longer  distances. 

Figure  10  shows  graphically  the  data  con- 
tained in  table  5.  The  individual  curves  are 
ach  identified  by  a  number  corresponding  to 
the  appropriate  column  in  table  5.  Figure  10 
shows,  for  example,  that  for  speeds  above  60 
miles  per  hour  the  distance  within  which  85 
percent  of  the  vehicles  will  stop  after  the 
brakes  are  applied  (curve  4)  is  greater  than 
the  driver  (total)  stopping  distance  for  the  15 
percent  of  the  drivers  that  made  the  shortest 
stops  (curve  5). 

The  various  relations  between  speed  and 
distance  under  the  several  conditions  repre- 
sented in  figure  10  were  used  to  relate  driving 
speeds  on  horizontal  curves  to  sight-distance 
conditions.  The  object  was  to  use  each  of  the 
several  curves  in  figure  10  as  a  criterion  to 
obtain  a  measure  of  the  relative  ability  of 
drivers  to  stop  their  vehicles  within  the 
available  sight  distances  from  the  speeds  at 
which  they  were  traveling  on  the  various 
horizontal  curves. 

The  percentages  of  vehicles  traveling  on 
horizontal  curves  at  speeds  exceeding  those 
obtained  from  the  several  assumed  criteria  are 
shown  in  tables  6  and  7  for  the  inside  and 
outside  lanes,  respectively.  Table  6  shows, 
for  example,  that  at  site  1  the  minimum  sight 
distance  was  200  feet.  Curve  6  in  figure  10 
shows  that  85  percent  of  the  drivers  during  the 
braking  distance  tests  could  stop  within  200 
feet  from   a  speed   of   30.6  miles  per  hour. 
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Figure  10. — Relation  of  braking  and  stopping  distances  to  speed. 
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of  which  criterion  is  used.  At  locations  hav- 
ing sight  distances  shorter  than  400  feet, 
however,  there  is  wide  divergence  in  the  per- 
centages of  vehicles  traveling  in  excess  of 
those  speeds  which  conform  to  the  stopping 
distances  established  by  the  various  criteria 
being  tested.  Where  the  minimum  sight 
distance  is  200  feet,  for  example,  86  percent 
of  the  drivers  in  the  inside  lanes  exceed  the 
speed  from  which  85  percent  could  have 
stopped  safely.  Stated  another  way,  86 
percent  of  the  drivers  exceed  the  speed  from 
which  15  percent  could  not  have  stopped. 
This  does  not  necessarily  indicate  an  unsafe 
condition  if  it  could  be  assumed  that  the 
faster  drivers  were  those  with  the  better 
brakes,  or  were  more  alert  and  consequently 
might  have  shorter-than-average  perception 
and  reaction  time.  It  strongly  suggests, 
however,  that  few  drivers  could  have  stopped 
had  an  object  suddenly  come  into  view  in 
their  lane. 

With  a  minimum  sight  distance  of  200  feet, 
3t  percent  of  the  drivers  in  the  inside  lanes 
exceed  the  speed  from  which  only  the  best  15 
percent  could  stop.  This  can  scarcely  be 
considered  safe  operation.  At  this  minimum 
sight  distance,  70  percent  of  the  drivers  in 
the  inside  lanes  exceed  the  design  speed  based 
on  the  A.A.S.H.O.  standards  for  nonpassing 
sight  distances  only.  For  each  of  the  criteria, 
the  percentage  of  vehicles  exceeding  the  safe 
speed  is  considerably  lower  for  vehicles  in  the 
outside  lanes  than  in  the  inside  lanes. 

Returning  to  a  sight  distance  of  400  feet,  10 
percent  of  the  drivers  exceed  the  speed  from 
which  85  percent  of  the  vehicles  could  have 
stopped  in  less  than  400  feet.  Only  5  percent 
of  the  vehicles  exceed  the  speed  from  which 
they  could  stop  within  the  minimum  nonpass- 
ing stopping  distance  recommended  by  the 
A.A.S.H.O.  It  is  apparent,  therefore,  that 
when  the  minimum  sight  distance  is  400  feet 
or  longer  few  drivers  observed  in  these  studies 
overdrove  the  sight  distance  on  horizontal 
curves  based  on  any  of  the  criteria.  When 
sight  distances  are  shorter  than  400  feet,  the 
percentage  of  drivers  exceeding  the  speeds 
which  permit  braking  within  the  available 
sight  distance,  with  allowance  for  perception 
and  reaction  time,  increases  rapidly  with  a 
decrease  in  the  sight  distance.  Very  few  of 
the  drivers,  however,  under  any  of  the  condi- 
tions studied,  were  traveling  faster  than  the 
speed  from  which  they  could  have  stopped 
within  the  available  sight  distance  when 
braking  distance  alone  is  considered,  with  no 
allowance  for  driver  perception  and  reaction 
time. 

Speed,  Sight  Distance,  and 
Curvature  Related 

A  high  correlation  has  been  established 
between  speed  and  curvature,  and  a  relation, 
but  one  with  low  correlation,  has  been  estab- 
lished between  speed  and  minimum  sight 
distance.  No  close  relation  could  be  found 
between  curvature  and  sight  distance.  All 
three  variables  must  be  considered  in  combi- 
nation, however,  to  obtain  their  true  effect  on 
driver  behavior.      The  combined  relation  be- 
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Table  6. — Speeds  from  which  vehicles  could  stop  within  available  sight  distance,  based  on 
various  assumed  criteria,  and  percentages  of  vehicles  exceeding  those  speeds,  on  inside 
lanes  of  2-lane  highways 


Study  site  No. 

Mini- 
mum 
sight 
distance 

Stopping   speed   as   determined   by   using 
available  sight  distance  and— 

Percentage  of  observed  vehicles  exceeding 
calculated  stopping  speeds  based  on — 

85-per- 

centile 

driver 

stopping 

distance 

(curve  6  0 

A.A.S.H.O. 

policy  for 
stopping 
distance 
(curve  8  ') 

15-per- 

centile 

driver 

stopping 

distance 

(curve  5 ') 

85-per- 
centile 
braking 
distance 
(curve  4 ') 

85-per- 

centile 

driver 

stopping 

distance 

A.A.S.H.O. 
policy  for 
stopping 
distance 

15-per- 

centile 

driver 

stopping 

distance 

85-per- 

centile 

braking 

distance 

1 

Feet 

200 
215 
215 
220 
236 

256 
285 
297 
300 
300 

303 
303 
308 
320 
320 

324 
342 
350 
360 
371 

377 
380 
400 
407 
420 

435 
440 
450 
460 
469 

470 
490 
500 
500 
510 

M.p.h 

30.6 
32.3 
32.3 
33.0 
35.0 

37.0 
40.4 
41.7 
42.0 
42.0 

42.3 
42.3 
42.8 
43.9 
43.9 

44.2 
46.0 
46.4 
47.3 
48.2 

48.7 
49.0 
50.5 
51.0 
52.0 

53.1 
53.5 
54.2 
55.0 
55.4 

55.6 
56.9 
57.6 
57.6 
58.2 

M.p.h. 

31.0 
32.5 
32.7 
33.8 
35.8 

37.6 
41.5 
42.6 
43.0 
43.0 

43.0 
43.0 
43.8 
45.0 
45.0 

45.5 
47.3 
48.1 
49.0 
50.0 

50.6 

50.9 
52.9 
53.7 

54.7 

55.9 
56.0 
57.0 
58.0 
58.9 

59.0 
60.5 
61.1 
61.1 
62.0 

M.p.h. 

36.0 
39.0 
38.5 
39.0 
41.7 

45.5 
51.5 
52.0 
53.0 
53.0 

53.1 
53.1 
54.0 
56.0 
56.0 

58.8 
60.2 
61.0 
63.0 
64.4 

65.2 

66.0 

70.0 

70.0+ 

70.0+ 

70.0+ 
70.0+ 
70.0+ 
70.0+ 
70.0+ 

70.0+ 
70.0+ 
70.0+ 
70.0+ 
70.0+ 

M.p.h. 

49.0 
51.0 
50.5 
51.0 
52.1 

54.0 
56.2 
57.0 
57.0 
57.0 

57.0 
57.0 
57.9 
59.0 
59.0 

57.0 
60.0 
61.0 
61.6 
62.3 

62.6 

62.8 
64.0 
64.5 
65.3 

65.0 
66.0 
66.2 
67.5 
67.9 

68.0 
65.3 
69  5 
69.5 
70.0 

Pet. 

0 

81.6 
48.3 
18.7 
73.0 

80.4 
21.1 
44.5 
0 
20.0 

73.4 
44.7 
43.1 
15.9 
14.2 

42.5 
25.8 
24.6 
24.5 
11.5 

73.3 
11.8 
10.6 
14.8 
2.3 

.6 
11.1 
10.5 
12.0 
2.3 

1.8 
5.1 
3.9 
1.4 
2.0 

Pet. 

0 

80.7 
44.8 
13.8 
68.4 

78.1 
16.6 
39.2 
0 
15.6 

70.2 
39.1 
32.3 
10.6 
5.0 

32.5 

19.7 
16.7 
18.4 
6.9 

61.2 

7.3 

6.0 

6.0 

.9 

0 

6.8 

5.4 

6.6 

.9 

.4 
0 
3.9 

.6 

.7 

Pet. 

0 

33.5 
10.3 

1.3 
36.9 

15.2 

0 

9.8 
0 
.4 

20.7 
3.9 

.8 
0 
0 

2.7 
0 

.6 
3.3 
0 

.9 
0 
0 
0 
0 

0 

0 

0 

1.0 

0 

0 
0 
0 
0 
0 

Pet. 

0 
0 
0 
0 
3.3 

1.2 

0 

2.8 

0 

0 

9.9 
.9 
0 
0 
0 

3.6 
0 

.6 
3.9 
0 

6.1 

0 
.1 
.6 

0 

0 
0 
0 

0 
0 

0 

1.7 

1.0 

0 

0 

2 

3 

4_._ 

5  . 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17... 

18. 

19 

20 

21. 

22 

23. 

24 

25 

26 

27. 

28 

29...   

30 

31 

32 

33... 

34 

35.... 

i  Curve  numbers  in  fig.  10. 

tween  average  speed,  minimum  sight  distance,      several  sight-distance  and   curvature  groups 
and  curvature  is  shown  in  figures  12  and  13.      giving  a  range  of  conditions  which  may  be  | 
The  study  locations  have  been  combined  into      applicable  to  the  normal  highway  in  the  area. 
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rable  7. — Speeds  from  which  vehicles  could  stop  within  available  sight  distance,  based  on 
various  assumed  criteria,  and  percentages  of  vehicles  exceeding  those  speeds,  on  out- 
side lanes  of  2-lane  highways 


Study  site  No. 

Mini- 
mum 
sight 
distance 

Stopping  speed   as   determined  by  using 
available  sight  distance  and — 

Percentage  of  observed  vehicles  exceeding 
calculated  stopping  speeds  based  on — 

85-per- 

centile 

driver 

stopping 

distance 

(curve  6 ') 

A.A.S.H.O. 

policy  for 
stopping 
distance 

(curve  8 ') 

15-per- 

centile 

driver 

stopping 

distance 

(curve  5 ') 

85-per- 
centile 
braking 
distance 
(curve  4 ') 

85-per- 

centile 

driver 

stopping 

distance 

A.A.S.H.O. 
policy  for 
stopping 
distance 

15-per- 
centile 
driver 
stopping 
distance 

85-per- 

centile 

braking 

distance 

4        

Feet 

220 
220 
300 
316 
320 

323 
325 
340 
360 
375 

377 
380 
391 
400 
430 

439 
440 
452 
452 
453 

455 
460 
460 
489 
500 

500 
520 
526 
530 
546 

550 
557 
655 

M.p.h. 

33.0 
33.0 
42.0 
43.7 
43.9 

44.1 
44.5 
45.7 
47.3 
48.5 

48.7 
49.0 
50.0 
50.5 
52.8 

52.9 
53.5 
54.2 
54.2 
54.3 

54.2 
55.0 
55.0 
57.0 
.  57.6 

57.6 
58.9 
59.2 
59.4 
60.5 

60.9 
61.6 
66.5 

M.p.h. 

33.8 
33.8 
43.0 

44.8 
45.0 

45.2 

45.4 
47.2 
49.0 
51.5 

50.6 
50.9 
52.0 
52.9 
55.2 

67.0 
56.0 
57.2 
57.2 
57.3 

57.0 
58.0 
58.0 
62.0 
61.1 

61.1 
63.0 
63.4 
63.7 
65.0 

65.0 
66.5 
70.0+ 

M.p.h. 

39.0 
39.0 
53.0 
55.6 
56.0 

56.2 
59.5 
60.0 
63.0 
65.4 

65.2 
66.0 
68.5 
70.0 
70.0+ 

70.0+ 
70.0+ 
70.0+ 
70.0+ 
70.0+ 

70.0+ 
70.0+ 
70.0+ 
70.0+ 
70.0+ 

70.0+ 
70.0+ 
70.0+ 
70.0+ 
70.0+ 

70.0+ 
70.0+ 
70.0+ 

M.p.h. 

51.0 
51.0 
57.0 
58.2 
69.0 

59.2 
57.0 
61.2 
61.6 
62.5 

62.6 
62.8 
62.5 
64.0 
65.9 
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i  Curve  numbers  in  figure  10. 

Figure  12 A  shows,  for  the  inside  lanes  on  that    the    average    minimum    sight    distance 

the    curves,    the    manner    in    which    average  decreases   as   the   curvature   increases.      The 

speed  and  minimum  sight  distance  vary  with  average  speed  also  has  a  tendency  to  decrease 

the  degree   of  curvature.     It   will  be   noted  with  an  increase  in  curvature,  but  speed  is  not 


275-4.00  4.01-5.50  5.51-699  7.00-999  1000-1499    20.00  AND  OVER 

CURVATURE  GROUPS  -  DEGREES 

Figure  12B.— Average  relation  between  minimum  sight  distance,  speed,  and  curvature, 

on  outside  lanes. 


materially  affected  by  changes  in  curvature 
between  the  limits  of  3  and  10  degrees.  For 
curves  of  10  degrees  or  more,  a  significant 
reduction  in  speed  accompanies  an  increase 
in  the  degree  of  curvature. 

Figure  12B  shows  comparable  information 
for  the  outside  lanes.  Neither  the  minimum 
sight  distance  nor  the  average  speed  in  the 
outside  lanes  is  reduced  appreciably  as 
the  curvature  increases  to  10  degrees.  The 
average  speed  is  reduced  to  about  28  miles 
per  hour  on  curves  of  20  degrees  or  over  where 
the  average  minimum  sight  distance  is  325 
feet. 

Figure  13  shows  separately  for  the  inside 
and  outside  lanes  the  average  curvature  and 
speed  as  related  to  the  minimum  sight 
distance.  For  the  inside  lanes,  the  average 
curvature  decreases  without  exception  with 
each  increment  of  minimum  sight  distance. 
The  average  speed,  however,  increases  from 
34  miles  per  hour  to  something  over  40  miles 
per  hour  with  a  change  in  minimum  sight 
distance  from  200  to  350  feet,  while  at  the 
same  time  the  curvature  decreases  from  16 
degrees  to  7  degrees.  Neither  average  cur- 
vature nor  speed  show  marked  change  as  the 
minimum  sight  distance  increases  above  350 
feet. 

Conditions  for  the  outside  lanes  are  some- 
•  what  at  variance  with  those  for  the  inside 
lanes.  While  changes  in  sight  distance  are 
accompanied  by  changes  in  degree  of  curva- 
ture in  much  the  same  manner  as  for  the 
inside  lanes,  average  speeds  in  the  outside 
lanes  are  progressively  higher  for  successive 
increases  in  minimum  sight  distance  through- 
out the  sight  distance  range. 

Figures  12  and  13  show  the  average  speeds 
obtained  on  horizontal  curves  having  curva- 
tures and  sight  distances  varying  within 
certain  fixed  limits.  There  is  considerable 
range  in  sight  distance  on  curves  having  the 
same  degree  of  sharpness,  however,  and 
different  locations  having  about  the  same 
minimum  sight  distance  have  a  considerable 
range  in  the  sharpness  of  the  curvature. 

Figure  14  shows  the  average,  90-percentile, 
and  95-percentile  speeds,  respectively,  for 
horizontal  curves  throughout  the  range  of 
curvature  and  sight-distance  conditions  in- 
cluded in  this  study,  and  indicates  the  speeds 
that  would  most  likely  be  found  on  horizontal 
curves  on  existing  two-lane  highways  with  the 
conditions  of  speed  and  sight  distance  gener- 
ally prevailing  in  the  areas  included  in  this 
study.  The  relations  shown  were  obtained 
by  applying  the  method  of  least  squares  to 
the  basic  data  for  the  inside  and  outside 
lanes  combined.  The  curves  in  this  figure 
represent  speed  contours.  Shown  on  each 
part  of  the  figure  is  the  standard  error  within 
which  the  speeds  can  be  assumed  to  be  correct. 

This  figure  shows  that  the  sight  distance 
has  a  comparatively  small  effect  on  vehicle 
speeds,  whereas  curvature  has  a  considerable 
effect.  With  a  constant  curvature  (reading 
horizontally)  the  average  change  in  speed  is 
about  0.8  mile  per  hour  for  each  100-foot 
change  in  sight  distance.  With  a  constant 
sight  distance  (reading  vertically)  the  average 
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Figure  13. — Average  relation  between  curvature,  speed,  and  minimum  sight  distance. 


speed  changes  uniformly  about  0.7  mile  per 
hour  for  each  1-degree  change  in  curvature. 
As  previously  stated,  however,   the  relation 


between  sight  distance  and  curv-ature  is  such 
that  a  3-degree  change  in  curvature  is  approxi- 
mately  equivalent   to   a    100-foot   change   in 
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sight  distance.  Then,  since  a  3-degree  change 
in  curvature  causes  a  2. 1-mile  per  hour  change 
in  average  speed  (with  sight  distance  constantjl] 
and  a  100-foot  change  in  sight  distance  causes 
an  0.8-mile  per  hour  change  in  average  speed 
(with  curvature  constant) ,  curvature  causes 
nearly  three  times  as  great  a  change  in  speed 
as  sight  distance,  under  comparable  conditions. 
This  is  as  true  for  the  90-  and  95-percent ile 
speeds  as  for  the  average  speed. 

Comparison    of   Driver   Behavior    on 
Horizontal  and  Vertical  Curves 

Along   with   this   study,    carried   out  as 
cooperative  project  by  the  Bureau  of  Publ: 
Roads  and  the  New  York  State  Department 
Public  Works,  a  companion  study  on  vertici 
curves  was  included  in  the  program.4     It 
interesting   to   compare  the   results  of  these 
two  studies,  as  shown  in  table  8. 

It  will  be  noted  that  with  the  same  minimum 
sight  distance,  vehicle  speeds  are  considerably 
lower  on  horizontal  curves  than  on  vertical 
curves.  The  difference  in  speed  is  greater 
when  the  sight  distance  is  short  than  when 
it  is  long.  This  tends  to  confirm  the  conclusion 
that  sight  distance  has  only  a  minor  influence 
on  speeds  on  horizontal  or  vertical  curves. 
If  sight  distance  were  the  controlling  factor 
there  would  be  the  same  reduction  in  speed 
with  a  reduction  in  sight  distance  on  the 
vertical  curves  as  on  the  horizontal  curves. 
Since  this  was  not  the  case,  it  is  apparent  that 
the  primary  influencing  factor  was  centrifugal 
force  which  is  present  on  horizontal  but  not  on 
vertical  curves. 


*  See  footnote  1,  p.  27. 


Table  8. — Comparison  of  vehicle  speeds  on  i 
vertical  and  horizontal  curves  having  the 
same  minimum  sight  distances 


Minimum  sight 
distance  ' 

Average  speed 
on — 

95-percentile 
speed  on — 

Vertical 
curves 

Hori- 
zontal 
curves 

Vertical 
curves 

Hori- 
zontal 
curves 

Feet 
200. 

M.p.h. 

42 
45 
46 
46 

M.p.h. 

30 
37 

41 
43 

M.p.h. 

54 
56 
57 
58 

M.p.h. 

37 
46 
51 
54 

300 

400 - 

500 

Sight  distance  in  both  cases  measured  to  a  4-inch  object. 
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113 

226 


5,440 
274 


273.1 
23.2 


12,028 
8,685 

/,34  / 


6,607 

7,202 
-3,751 


3L2.1 

171.4 

37.1 


39,801 

12,840 

J^29i_ 


457 
949 


4,874 

3,198 

103,792 


2,430 
2,027 

:-3,y-'3 


54.4 

82.2 

171.2 


10,026 

2,709 

45,186 


2,470 
1,707 

22,623 


3.6 

71.8 
216.1 


20,730 

11,420 

150,049 


10,104 

7,100 

70,722 


25.1 
256.9 
295.2 


35,630 
17,327 

299,027 


17,107 
65,305 
41,993 


25,920 
16,731 
21.020 


26,741 

8,258 

13,966 


30,331 
40,567 
22.057 


17,912 
40,312 
26,967 


21,203 

10,677 

6,701 


15,004 
10,834 

I47j308 


498.2 

866. 

402. 


1,733.0 
2,018.4 
hl2^. 


310.9 
120.3 
179-2 


48.2 

890.4 

1,953.0 


1,547.2 
1,027. 


1,193.0 

350.6 
73.3 


83.1 

410.9 
682.5 


Oklahoma 

Oregon 

Pennsylvania 


Rhode  Island 
South  Carolina 
South  Dakota 


Tennessee 

Texas 

Utah 


Vermont 
Virginia 
Washington 


West  Virgin,* 

Wisconsin 

Wyoming 


Hawaii 

District  of  Colun 

Puerto  Rico 


£13_ 


24,404 
8,597 

18,910 


12,171 
4,315 
9,603 


456.3 

1,022.4 

92.9 


4,284 
6,899 


2,104 
3,450 


103.4 
446.6 
-38^__ 


17,214 

4;  303 

28,039 


3p5 
049 

ja7_ 


4,408 

9,581 

13,403 


mi 

13,810 


2i&2 

60.0 


J.5jtiL 


I'M 


2,204 
5,178 
7,656 


2j 


292 
262 
508 


591 


15,273 

11,485 

7.342 


3,944 
12,394 
20,584 


7,615 
5,971 
5.556 


36.O 

225.8 

-715.8 


365.8 
175.9 
129.2 


1,504 
4,067 
2,184 


752 
2,124 

^,259 


10,103 

19,791 

2,461 


625 

lUih 
845 


1,972 
5,977 

10,44'. 


40.9 
183.2 
277.2 


1,803 
4,552 
4,137 


5,055 

9,884 

_1x83;l 


13.4 
183.6 


348.8 

481.7 

70.4 


3J'?9!t 
6,678 

86,504 

14, 042 

12,870 
-95,116 


17,673 

3,492 

40,016 


508.2 
35^.0 

13'-  .7 


66,682 

22,174 

112.502 


7,470 

, J>79° 

46,490 


186.5 

180,8 


7,421 

14,510 

8, 
33,033 
58,996 

7,932 


3,708 
7,167 
4.966 


38,221 

21,201 

138.596 


901 
2,275 
2,136 


19.0 

103.4 

96.2 


7,068 
33,884 
L6,644 


15,042 

31,790 

6,096 


23.2 
450.2 

446.1 


322.3 

1,099.2 

82.2 


13,333 

28,158 

24.473 


3,577 

16,172 

8,836 


45.1 
226.5 
119.8 


58,409 
90,272 
17,735 


12,815 
50,830 
41,365 


045 
320 

53S_ 


10,605 

22,064 

6,650 


2,497 

7,230 

10,441 


5,358 

11,485 
M51 


56.9 
247.6 
151.5 


1,212 
3,375 
4,8oq 


fc.3 

5.0 

-45.2 


1,096 
7,848 
1.W3 


182 

30 

-989- 


369,636 


767,437 


402,722 


13,323.0 


371,288 


562 

3,923 
234 


87 

15 

-462_ 


204.2 
85.5 


.5 
.5 

5.2 


16,823 

11,596 
12,613 

15,373 


8,370 

1.BE 


59.5 

216.7 
159.4 


28,524 
ll'M 


31,948 
11,257 
53.633 


20,535 
12,751 
67.989 


6,664 
14,469 
13,881 


27,712 
47,645 
13,489 


6,4'y0 
24,424 
21,421 


5,814 
7.160 


17.3 
2.2 

44.  u 


14,275 
19,873 
26,803 


14,290 


6,809 

9,204 
12,451 


188,229 


6,727.2 


1,377,340 


694,647 


12,475.4 


2,516,065 


1,285,598 


1,067.9 

1,823.0 

268.5 


566.3 
296.0 
292.2 
72.6 
859.6 

1,291.5 


1,036.9 
1,756. 
281.8 
105.0 
513.1 
493.2 


117.2 

668.5 

396  .j 


22.1 

7.7 

94.4 


32,525.6 
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Heat-Resistant  Properties  of  Additives 
[or  Bituminous  Materials 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


reported  by  PAUL  F.  CRITZ,  Supervising 
lighway  Physical  Research  Engineer 


In  past  years,  it  was  generally  believed  that  hot-mixed,  hot-laid  bituminous 
pavements  were  not  subject  to  film  stripping  in  the  presence  of  moisture.  In- 
vestigations made  where  failures  of  such  bituminous  pavements  have  occurred 
indicated,  however,  thatfilm  stripping  had  taken  place  in  the  underlying  courses 
of  the  pavements,  the  condition  being  more  severe  in  the  case  of  impermeable 
bases  than  in  those  having  porous  granular  materials.  To  counteract  this 
deficiency,  the  use  of  commercial  additives  for  treating  asphalt  was  adopted. 
The  results  were  not  always  satisfactory.  It  was  felt  by  many  authorities  that 
the  additives  might  not  be  stable  at  the  temperatures  used  in  constructing  hot- 
mix  bituminous  pavements  or  when  held  at  relatively  high  temperatures  during 
shipment  from  the  refinery.  As  a  result,  manufacturers  undertook  the  produc- 
tion of  additives  having  heat-resistant  qualities  for  the  treatment  of  asphalt. 

This  study  was  undertaken  to  test  the  heat-resistant  properties  of  three 
additives.  It  was  found  that  prolonged  heating  of  treated  asphalt  at  high 
temperatures  prior  to  mixing  reduced  the  effectiveness  of  the  additives  as  meas- 
ured by  the  immersion-compression  test  method,  and  that  it  was  more  detri- 
mental to  small  masses  than  to  large  ones.  Overheating  the  aggregate  prior  to 
mixing  reduced  the  effectiveness  even  more.  With  few  exceptions,  the  additives 
were  found  to  be  effective  in  increasing  the  percentage  of  retained  strength  and 
in  reducing  moisture  absorption  and  volumetric  swell.  If  proper  attention  is 
given  to  the  control  of  temperatures  of  asphalt  and  especially  the  aggregate,  the 
additives  studied  may  be  expected  to  reduce  the  detrimental  effect  of  moisture 
absorption. 


rHE  value  of  certain  chemical  agents  as 
aids  in  coating  aggregates  with  bituminous 
laterials  and  increasing  the  resistance  of  the 
'ituminous  film  to  stripping  has  been  fairly 
ell  established  and  accepted  for  cold-mix 
nd  cold-laid  types  of  mixtures.  Laboratory 
;udies  '  and  field  investigations  have  shown 
mt  a  number  of  such  agents  are  of  consider- 
Ible  benefit  for  the  treatment  of  liquid  as- 
haltic  materials  to  be  used  with  hydrophilic 
ggregate  or  with  wet  aggregate. 
The  possible  value  of  these  additives  or  the 
ecessity  for  using  them  in  hot-mixed  bitu- 
dnous  mixtures  was  not  considered  in  the 
irlier  studies  because,  at  that  time,  the 
meral  feeling  existed  that  mixtures  prepared 
lot  with  viscous  bituminous  materials,  such 
5  asphalt  cement,  were  not  liable  to  film 
ripping  in  the  presence  of  moisture.  How- 
/er,  investigations  of  instances  of  unsatis- 
ictory  service  behavior  of  bituminous  pave- 
ments revealed  that  extensive  film  stripping 
as  occurred  in  many  cases  in  the  underlying 
ourses  of  hot-mix,  hot-laid  bituminous 
ivements.  This  condition  was  found  most 
"ten  in  courses  laid  on  impermeable  bases 
ich  as  portland   cement   concrete   or   brick 


Additives  for  bituminous  materials,  by  P.  F.  Critz,  Public 
3ads,  vol.  24,  No.  5,  July-Aug.-Sept.  1945;  and  Further 
■lelopments  and  application  of  the  immersion-compression  test, 
■  J.  T.  Pauls  and  J.  F.  Goode,  Public  Roads,  vol.  25,  No.  6, 
3C.  1948. 


pavement,  and  less  frequently  in  pavements 
laid  on  porous  granular  bases.  To  counteract 
this  unsatisfactory  performance,  additives 
have  also  been  used  for  treating  asphalt  for 
use  in  the  hot-mix  types  of  asphaltic  pave- 
ments. Generally,  the  additives  are  added  to 
the  asphalt  at  the  refinery. 

So  far,  their  use  in  hot-plant  mixtures  has 
not  always  been  satisfactory.  The  results 
have  been  variable  in  many  cases  and  often 
inconsistent.  On-  one  important  experimental 
project,  several  additives  that  had  shown  value 
in  laboratory  studies  were  used.  Later 
examination  of  the  pavement  indicated  that 
stripping  had  occurred  and  that  it  was  more 
dependent  on  the  type  of  aggregate  and  the 
type  of  base  on  which  the  surfacing  was  laid 
than  on  the  additive  used.  Informal  reports 
indicate  that  similar  results  have  been 
obtained  in  other  localities.  The  consensus 
of  opinion  has  been  that  additives,  as  currently 
produced,  may  not  be  stable  at  the  tempera- 
tures used  in  constructing  hot-mix  bituminous 
pavements  or  possibly  they  do  not  remain 
stable  when  held  at  relatively  high  tempera- 
tures during  shipment  from  the  refinery  and 
prior  to  use  on  the  job. 

As  a  result  of  these  developments,  manu- 
facturers undertook  the  production  of  addi- 
tives for  the  treatment  of  asphalt  that  would 
be  resistant  to  the  heat  to  which  they  would 


be  subjected  during  shipment  and  plant 
mixing.  Materials,  for  which  such  properties 
were  claimed,  were  later  placed  on  the 
market. 

To  determine  to  what  extent  these  materials 
are  he^t  resistant,  the  Bureau  of  Public  Roads 
conducted  a  study  in  which  asphalt  cement 
treated  with  an  additive,  and  asphalt  cement 
not  treated,  were  heated  to  two  different 
temperatures  and  then  combined  with  aggre- 
gates which  also  had  been  heated  to  two 
different  temperatures.  The  resultant  mix- 
tures were  then  formed  into  test  specimens 
which  were  subjected  to  the  immersion- 
compression  test. 

Conclusions 

The  results  of  this  investigation,  with 
respect  to  the  three  additives  which  were 
tested  with  asphalt  from  one  source,  are 
summarized  as  follows: 

1.  Prolonged  heating  of  the  treated  asphalt 
at  high  temperatures  prior  to  mixing  reduced 
the  effectiveness  of  the  additives.  For  these 
tests,  heating  at  325°  F.  for  72  hours  practi- 
cally destroyed  the  effectiveness  of  the  addi- 
tives as  measured  by  the  results  of  the  im- 
mersion-compression test.  However,  it  is 
known  that  the  effect  of  heating  is  much  more 
detrimental  to  small  masses  of  asphalt  than 
to  large  ones.  Therefore,  it  may  be  con- 
cluded that,  for  the  same  temperatures  and 
periods  of  heating  that  were  used  in  these 
tests,  much  less  severe  reductions  in  the 
effectiveness  of  the  additives  would  take  place 
in  practice  where  the  asphalt  is  held  at  ele- 
vated temperatures  in  large  masses. 

2.  Overheating  the  aggregate  reduced  the 
effectiveness  of  the  additives  more  than  did 
prolonged  heating  of  the  treated  asphalt 
prior  to  mixing.  It  may  be  noted  that  mixing 
operations,  as  performed  in  connection  with 
this  investigation,  much  more  nearly  simu- 
lated the  conditions  of  practice  than  did  the 
preliminary  heating  of  the  asphalt. 

3.  Even  under  the  severe  conditions  of 
these  tests  the  additives,  with  only  a  few 
exceptions,  were  effective  in  specimens  sub- 
jected to  the  immersion-compression  test  in 
increasing  the  percentage  of  retained  strength 
and  in  reducing  the  moisture  absorption  and 
volumetric  swell. 

It  is  concluded  that  if  proper  attention  is 
given  to  the  control  of  the  temperature  of  the 
asphalt  and  the  aggregate,   particularly  the 
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Table  1. — Physical  properties  of  asphalt  cement   with  and  without  additives,  before  and 

after  heating 


Additive  in  asphalt 

Heating  period 

Physical  property 

Changes  in  physical 
properties 

Tem- 
perature 

Time 

Penetra- 
tion at 

77°  F. 

Ductil- 
ity at 

77°  F. 

Softening 

point 

Penetra- 
tion 

Softening 
point 

°F. 

(') 
(') 
(') 
(') 

2511 
250 
250 
250 

250 
250 
250 
250 

250 
250 
250 
250 

325 
325 
3*25 
325 

325 
325 
325 
325 

325 
325 
325 
325 

Hours 

24 
24 
24 
24 

48 
48 
48 
48 

72 

72 

72 
72 

24 
24 
24 
24 

48 
48 
48 
48 

72 
72 
72 
72 

88 
116 
108 
115 

78 

98 
91 

1110 

7! 
89 
80 
86 

63 
83 
69 

77 

70 
78 
74 
80 

54 
61 
56 
63 

32 
59 
33 
33 

Cm 
250+ 
200+ 
200+ 
180 

200+ 
200+ 
200+ 
200+ 

200+ 
200+ 
200+ 
200+ 

200+ 
200+ 
200+ 
190 

200+ 
200+ 

1S5 
200+ 

200+ 
200+ 
200+ 
200+ 

17 

200+ 

17 

17 

°F. 
118.0 
112.5 
113.4 
113.2 

121.0 
1  Hi  II 

117.6 
116.5 

124.3 
117.0 
119.  8 
119.5 

125.5 
119.0 
125.0 
123.  0 

125.0 
121.0 
121.8 
120.8 

130.3 
129.0 

129.  0 
128.3 

149.8 

130.  0 
150.0 
150.3 

Points 

-10 
-18 
-17 
-15 

-17 
-27 
-28 
-29 

-25 
-33 
-39 

-38 

-18 
-38 
-34 
-35 

-34 
-55 
-52 
-52 

-56 
-57 
-75 
-82 

°F. 

+3.0 
+3.5 
+4.2 
+3.3 

+  6.3 

+4.5 
+  6.  4 
+6.3 

+  7.5 

+6.5 

+  11.6 

+9.8 

+  7.0 
+8.5 

+  8.4 

+  7.  6 

+12.3 
+  16.  5 
+  15.  6 
+  15.1 

+31.8 
+  17.5 
+36.  6 
+37.1 

A                     - 

B 

C                     

A                          

B 

('              

A 

B 

C 

A 

B 

C 

None 

A 

B                   ...       

C 

None .- .  .  . 

A      

B     

C                      

A     

B     -- 

C         

paring  the  compressive  strength  of  specimens 
that  were  immersed  in  water  with  that  of 
specimens  which  were  not  immersed. 

The  asphalt  cement,  with  and  without  addi-1 
fives,  was  subjected  to  two  different  temper- 
atures, 250°  and  32.5°  F.,  and  was  held  at 
those  temperatures  for  periods  of  0,  24,  48, 
and  72  hours  prior  to  the  mixing  operation 
The  aggregate  was  crushed  granite  having 
definitely  hydrophilic  properties.  The  amount 
of  additive  used  in  all  instances  was  2  percenl 
by  weight  of  the  bituminous  material.  Thi 
basic  properties  of  the  asphalt  cement  with 
and  without  additives  as  well  as  the  change; 
in  these  properties  resulting  from  heating  are 
given  in  table  1.  The  composition  of  the 
mixture  used  throughout  this  study  is  giver 
below.  It  was  designed  to  produce  com 
pressed  specimens  containing  an  appreciable 
percentage  of  voids  in  order  to  insure  a  higr 
degree  of  moisture  absorption  since  the  chie 
property  claimed  for  additives  is  that  thej 
increase  the  resistance  of  the  coated  aggregate 
to  the  detrimental  effects  of  moisture. 
Materials: 

Aggregate:    100  percent  crushed  granite 
Bitumen:    Asphalt   cement    of    88    pene-i 

tration. 
Additives:    Designated  as  A,  B,  and  C 


1  Original  test— before  subjecting  to  heat. 

latter,  the  additives  studied  in  this  investi- 
gation may  be  expected  to  reduce  the  detri- 
mental effects  of  moisture  in  hot-mixed 
asphaltic  pavements  containing  hydrophilic 
aggregates. 

Plan  of  the  Experiment 

Three  commercial  additives,  designated  in 
this  report  as  A,  B,  and  C,  respectively,  were 
used  with  an  asphalt  cement  of  88  penetration 


Tabl 


in  asphaltic  concrete  mixtures  which  were 
subjected  to  the  immersion-compression  test 
(ASTM  test  method  D1075-49T).  For  com- 
parative purposes,  mixtures  identical  with 
these,  except  that  they  contained  no  additives, 
were  also  tested. 

The  immersion-compression  test  measured 
the  loss  of  cohesion  resulting  from  the  action 
of  water  on  compacted  bituminous  mixtures. 
An  index  of  the  loss  was  obtained  by  com- 


2. — Temperatures    at    which    moldee  I 
specimens  were  heated 


Series 


I 
II 

111 
IV 


Temperature,  °  F. 


Asphalt       Aggregate 


250 
250 
325 
325 


300 
400 
300 
400 


Table  3. — Results  of  tests  of  specimens  with  and  without  additives 


Heating  period 


Dry  strength 


No  ad- 
ditive 


Wet  strength 


No  ad- 
ditive 


Retained  strength 


No  ad- 
ditive 


Moisture  absorption 


No  ad- 
ditive 


Volumetric  swell 


No  ad- 
ditive 


Series  I:  Asphalt  Temperature  250°   F.,  Aggregate  Temperature  300°   F. 


Hours 


P.s.i. 

P.s.i. 

P.s.i. 

P.s.i. 

P.s.i. 

P.s.i. 

P.s.i. 

P.s.i. 

Pet. 

Pet. 

Pel. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

286 

20(1 

300 

298 

107 

200 

205 

201 

37.4* 

69.0 

68.3 

67.4 

4.2 

2.7 

3.1 

3.0 

2.1 

0.7 

1.2 

284 

341 

293 

291 

124 

105 

209 

182 

43.7 

57.2 

71.3 

62.5 

3.6 

2.6 

3.0 

2.8 

1.8 

0.6 

0.9 

287 

320 

312 

317 

95 

224 

224 

159 

33.1 

70.0 

71.8 

50.  2 

3.9 

2.7 

3.  1 

3.0 

3.2 

0.9 

1.2 

340 

344 

353 

316 

135 

214 

237 

167 

39.7 

62.2 

67.2 

52.8 

3.4 

2.6 

2.9 

3.2 

1.9 

0.7 

1.4 

Pet. 
1.3 
1.2 
1.8 
1.7 


h> 


Series  ii:  Asphalt  Temperature  250°  F.,  Aggregate  Temperature  400°  F. 


331 

345 

347 

354 

176 

263 

257 

258 

53.2 

70.  2 

74.  1 

72.9 

3.3 

2.4 

2.8 

2.6 

1.0 

0.5 

0.9 

312 

350 

328 

321 

165 

235 

249 

225 

52.9 

67.2 

75.9 

70.1 

2.9 

2.7 

2.8 

2.3 

1.  1 

0.9 

0.6 

332 

346 

354 

327 

207 

261 

240 

248 

62.  4 

75.4 

67.8 

75.8 

2.5 

2.5 

2.9 

2.3 

1.4 

0.8 

0.9 

390 

360 

415 

359 

.'13 

244 

323 

230 

62.3 

67.8 

77.8 

64.1 

2.6 

2.2 

2.6 

2.8 

0.8 

0.4 

0.9 

1. 1 

0.8 
1.5 
1.2 


Series  III:  Asphalt  Temperature  325°  F.,  Aggregate  Temperature  300°  F. 


280 

308 

322 

320 

113 

216 

207 

198 

40.4 

70.2 

64.3 

61.9 

4.1 

2.6 

3.0 

3.0 

2.0 

0.8 

1.1 

314 

356 

330 

322 

140 

220 

230 

210 

44.6 

61.8 

69.7 

65.2 

3.3 

2.5 

2.7 

2.1 

1.7 

0.6 

0.8 

386 

382 

384 

357 

162 

265 

229 

230 

42.0 

69.4 

59.6 

64.4 

3.0 

2.5 

3.1 

2.2 

2.6 

1.0 

1.3 

505 

404 

565 

478 

290 

250 

291 

280 

57.4 

61.9 

51.5 

58.6 

2.7 

2.3 

3.0 

3.0 

1.4 

0.5 

1.7 

1.4 
0.6 
1.7 
1.6 


Series  IV:  Asphalt  Temperature  325°  F.,  Aggregate  Temperature  400°  F. 


0-. 
24 
18. 

72. 


308 

358 

358 

377 

179 

267 

262 

300 

58.1 

74.  6 

73.2 

79.6 

3.2 

2.2 

2.5 

2.2 

1.2 

0.5 

0.8 

329 

385 

357 

366 

215 

266 

301 

268 

65.3 

69.  1 

84.4 

73.2 

2.6 

2.4 

2.3 

1.9 

0.8 

0.6 

0.3 

425 

424 

402 

414 

280 

334 

305 

288 

65.9 

78.8 

75.9 

69.6 

1.8 

2.1 

2.5 

2.0 

1.0 

0.6 

1.0 

Gi  in 

440 

640 

548 

390 

311 

463 

385 

65.0 

70.7 

72.4 

70.2 

2.3 

2.1 

2.5 

2.2 

0.6 

0.3 

0.8 

0.7 
0.4 
1.0 
1.2 
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Hill 


24  48 

HEATING     PERIOD  -    HOURS 
Figure  I.— Effect  of  heat  upon  properties  of  asphalt  cement  with  and  without  additives. 


Proportions: 

Aggregate;  gradation: 

Percent 
Sieve  size  passing 

%-inch 100 

No.  4 82 

No.  10 36 

No.  40 13 

No.  80 9 

No.  200 4 

Bitumen:    6    percent,    by    weight    of   ag- 
gregate. 
Additives:     2     percent     by     weight     ot 
asphalt. 

Physical  properties  of  preliminary  test  speci- 
mens, without  additives,  prepared  ac- 
cording to  standard  procedure: 

UBLIC  ROADS  •   Vol.  28,  No.  3 


Density:    Theoretical    maximum,    2.518; 

actual,  2.274. 
Voids:    In    aggregate,    21.2    percent;    in 

compressed  mixture,   9.7   percent. 
Moisture  absorption,  3.9  percent. 
Volumetric  swell,  2.2  percent. 
Compressive    strength,     dry,     278     p.s.i. 
Retained    strength    of    immersed     speci- 
mens, 43  percent. 
It  was  obviously  not  possible  in  the  labora- 
tory to  duplicate  normal  conditions  where  a 
large  mass  of  material  is  held  at  a  high  temper- 
ature in  a  tank   car  or  storage  tank  with   a 
relatively    small    surface    exposure.     In    this 
investigation     the     asphalt     was     heated     in 
tinned  containers  3  inches  in  diameter  and  2 


inches  deep.  Each  tin  contained  105  grams 
of  asphalt,  slightly  more  than  the  amount 
required  for  a  single  batch  for  two  specimens. 
The  containers  were  covered  with  loose-fitting 
lids  to  reduce  oxidation.  At  the  end  of  the 
heating  period  the  bituminous  material  was 
immediately  mixed  with  the  aggregate  which 
also  had  been  brought,  to  the  desired  tempera- 
ture. 

Two  temperatures  were  selected  to  which 
the  aggregates  were  heated  immediately  prior 
to  mixing.  They  were  300°  and  400°  F. 
The  higher  temperature  is  somewhat  above 
that  recommended  for  good  construction 
procedure  but  it  is  not  as  high  as  the  tempera- 
ture to  which  aggregates  are  often  heated 
unless  strict  control  is  exercised.  All  ag- 
gregate was  held  overnight  at  300°  F.  which 
was  the  heating  limit  of  the  oven.  Aggregate 
to  be  used  at  400°  F.  was  raised  from  300°  to 
400°  F.  on  a  hot  plate  with  continuous  stirring 
to  obtain  uniformity  and  eliminate  local 
overheating. 

Mixing  was  completed  mechanically  as 
rapidly  as  possible  and  from  each  batch,  two 
3-inch  by  3-inch  test  cylinders  were  molded  in 
accordance  with  the  standard  procedure  used 
in  the  immersion-compression  test.  Three 
batches  or  six  test  specimens  constituted  one 
test  unit.  Three  specimens  were  tested  dry 
and  three  were  tested  after  immersion  in  water 
at  120°  F.  for  four  days.  The  two  groups 
of  three  specimens  each  were  so  selected 
that  the  average  density  of  the  specimens 
selected  for  immersion  was,  as  nearly  as 
possible,  the  same  as  that  of  the  specimens  to 
be  tested  dry. 

The  results  reported  are  the  compressive 
strengths  of  the  specimens  tested  dry,  the 
compressive  strengths  of  the  specimens  tested 
wet  after  immersion,  and  the  strength  retained 
by  the  wet  specimens  expressed  as  a  percentage 
of  the  strength  of  the  comparable  dry  speci- 
mens. 

For  reference  purposes,  the  specimens  sub- 
jected to  the  four  different  heating  temper- 
atures are  grouped  into  four  series  as  shown 
in  table  2. 

Xo  attempt  was  made  to  determine  the 
composition  of  the  additives.  A  variety  of 
materials  are  available  which  can  be  used  in 
their  preparation  and  substitutions  can  be 
made  whenever  the  producers  find  it  advisable 
for  economic  or  other  reasons.  Therefore,  the 
actual  composition  of  the  additives  used  in 
this  study  is  of  little  concern  and  any  conclu- 
sions based  upon  their  composition  would  be 
of  no  value  if  additives  produced  more  recently 
had  a  different  composition.  Data  presented 
and  conclusions  drawn  herein  consequently 
are  based  upon  the  tests  of  the  additives  made 
available  for  the  study. 

Effect  of  Additives  on  Asphalt 

The  asphalt  cement  used  in  this  study  had 
an  original  penetration  of  88,  a  ductility  of 
250  (plus)  and  a  softening  point  of  118°  F. 
As  shown  by  the  data  in  table  1  and  the  curves 
in  figure  1,  these  properties  were  changed 
when  additives  were  combined  with  asphalt. 
For  example,  with  2  percent  of  additive  A,  t  he 
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SERIES  i:  ASPHALT  AT  250°  F.,  AGGREGATE  AT  300°  F. 
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HEATING     PERIOD  -   HOURS 
SERIES  W.  ASPHALT    AT    325  °F,     AGGREGATE    AT    400°   F. 

Figure  2. — Compressive  strength  retained  after  four  days  immersion  at  120°  F. 


penetration  was  increased  to  116;  with  addi- 
tive B,  it  was  increased  to  108;  and  with 
additive  C,  it  was  increased  to  115. 
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As  the  period  of  heating  was  extended  and 
also  as  the  heating  temperature  was  raised, 
the   penetration   of   the   asphalt   dropped   in 


if 


I: 


every  instance  as  would  normally  be  expected. 
However,  for  every  condition  of  heating,  the 
penetration  of  asphalt  containing  an  additive 
remained  higher  than  that  of  the  asphalt 
without  an  additive.  It  will  be  noted  from1 
the  data  in  table  1  and  from  the  curves  shown: 
in  figure  1  that  for  additive  A  the  penetration-  * 
remained  above  50  for  all  conditions  of  test,! 
and  that  for  the  untreated  samples  and  those1 
containing  additives  B  and  C  the  penetratior, 
remained  above  50  for  all  conditions  of  test 
except  heating  at  325°  F.  for  72  hours  when  a 
more  severe  drop  in  penetration  occurred.  It 
will  be  further  observed  that  the  ductility  oi 
all  samples  remained  high  except  as  a  result 
of  heating  to  325°  F.  for  72  hours.  Here  the' 
material  containing  additive  A  retained  high 
ductility  while  the  other  samples  retained  a 
ductility  of  only  17  centimeters.  Similarly, 
the  softening  point  of  the  combinations 
changed  as  heating  progressed  and,  after  72 
hours  at  325°  F.,  the  samples  containing  nc 
additive,  and  those  containing  additives  £ 
and  C,  had  a  softening  point  of  150°  F.j 
whereas  the  material  containing  additive  A 
had  a  softening  point  of  only  130°  F.  The 
greater  resistance  to  hardening  of  asphalt 
treated  with  additive  A,  as  compared  with 
additives  B  and  C,  suggests  that  this  additive 
is  more  resistant  to  deterioration  caused  by 
prolonged  heating  than  are  the  other  two 
However,  in  the  immersion-compression  tests 
which  are  to  be  described,  additive  A  showed 
no  marked  superiority. 

In  considering  the  results  of  the  tests  which 
have  been  discussed,  it  should  be  remembered 
that  the  treated  and  untreated  materials  were1 
heated  in  very  small  quantities  as  compared 
with  the  quantities  of  similar  materials  which. 


Table  4. — Comparison  of  retained  strengths 
of  mixtures  with  and  without  additives 


Retained  strength  ' 

Heating 

period 

A 

B 

C 

Average 

Series  I:  Asphalt  250°  F.  Aggregate  300°  F. 

Hours 

Percent 

Percent 

Percent 

Percent 

0 

184 

183 

180 

182 

24 

131 

163 

143 

146 

48 

212 

217 

152 

194 

72 

157 

169 

133 

153 

Avg. 

171 

183 

152 

168 

Series  II:  Asphalt  250°  F.  Aggregate  400°  F. 

0              143 

139 

137 

140 

24 

127 

143 

132 

134 

48 

121 

109 

122 

117 

72 

109 

125 

103 

112 

Avg. 

125 

129 

124 

126 

Series  III:  Asphalt  325°  F.  Aggregate  300°  F. 

0 

174 

159 

153 

162 

24 

139 

156 

146 

147 

48 

165 

142 

153 

153 

72 

108 

90 

102 

100 

Avg. 

147 

137 

139 

141 

Series  IV:  Asphalt  325°  F.  Aggregate  400°  F. 

0 

128 

120 

137 

130 

24 

106 

129 

112 

116 

48 

120 

115 

106 

114 

72 

109 

111 

108 

109 

Avg. 

116 

120 

116 

117 

'  Expressed  as  percentage  of  retained  strength  of  mixture 
without  additives. 
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n  practice,  would  be  heated  in  tank  cars  or 
;torage  tanks.  The  results  show  very  clearly 
hat  prolonged  heating  produces  hardening  of 
joth  untreated  and  treated  asphalts,  but  it  is 
jiot  to  be  expected  that  the  hardening  which 
vould  occur  in  tank  cars  or  storage  tanks 
vould  approach  in  severity  the  hardening 
yhich  took  place  in  the  small  test  samples. 


Immersion-Compression  Tests 


The  results  of  the  immersion-compression 
ests  are  given  in  table  3  and  are  shown  graphi- 
cally in  figure  2.  In  table  4  the  retained 
trengths  of  mixtures  containing  additives  are 
ompared  with  the  retained  strengths  of  mix- 
ures  without  additives. 

Reference  to  table  3  shows  that,  as  the 
,everity  of  the  test  increased,  there  was  a 
eneral  increase  in  the  compressive  strength 
f  the  specimens,  both  those  which  were  tested 
xy  and  those  which  were  tested  wet  after 
laving  been  immersed  in  water  for  four  days 
,t  a  temperature  of  120°  F.  This  is  attributed 
o  the  hardening  of  the  asphalt  which  took 
dace  during  the  preliminary  heating,  as  shown 
p  table  1  and  figure  1,  and  to  the  additional 
tardening  which  took  place  during  the  mixing 
iperation  when  the  asphalt  in  thin  films  was 
irought  in  contact  with  the  hot  aggregates. 
Vs  has  been  stated,  the  hardening  of  the  as- 
phalt which  took  place  in  the  laboratory  dur- 
ng  the  preliminary  heating  was  undoubtedly 
nuch  greater  than  the  hardening  which  would 
ake  place  in  practice  as  a  result  of  the  pre- 
.iminary  heating.  However,  the  additional 
gardening  which  took  place  during  mixing  is 
aore  nearly  comparable  with  that  which 
rould  occur  in  practice. 

A  study  of  tables  3  and  4  and  figure  2  shows 
hat: 

1.  For  all  test  conditions  except  one,  the 
pecimens  containing  asphalt  treated  with 
,ny  one  of  the  three  additives  had  a  higher 
ercentage  of  retained  strength  than  did  those 
ontaining  untreated  asphalt.  The  one  ex- 
eption  was  in  series  III  for  asphalt  treated 
dth  additive  B,  heated  for  72  hours  at  325°  F., 
nd  used  with  aggregate  having  a  temperature 
f  300°  F. 

2.  With  respect  to  percentage  of  retained 
trength,  there  was  no  consistent  difference  in 
he  performance  of  the  three  additives. 

3.  In  general,  the  effectiveness  of  the  addi- 
ives,  as  measured  by  percentage  of  retained 
'trength,  was  reduced: 

(a)  As  the  period  of  preliminary  heating 
v&s  increased. 


(b)  As  the  temperature  of  the  preliminary 
heating  was  increased.  Comparison  of  the 
average  values  in  table  4  for  series  I  and  III 
in  which  the  aggregate  was  heated  to  300°  F. 
shows  that  this  effect  is  quite  marked.  It  is 
much  less  so  in  series  II  and  IV  where  the 
aggregate  temperature  was  400°  F.,  thus  indi- 
cating that  overheating  the  aggregate  had  a 
more  detrimental  effect  than  overheating  the 
asphalt. 

(c)  As  the  temperature  of  the  aggregate  was 
increased.  This  is  shown  by  comparison  of 
the  average  values  in  table  4  for  series  I  and 
II  and  for  series  III  and  IV. 

The  advantage  afforded  by  the  additives, 
as  measured  by  the  results  of  the  immersion- 
compression  test,  was  greatest  when  the 
temperature  and  time  of  the  preliminary 
heating  and  the  temperature  of  the  aggregate 
were  the  least;  that  is,  when  the  asphalt  was 
brought  to  a  temperature  of  250°  F.  and  im- 
mediately mixed  with  aggregate  at  300°  F. 
As  the  severity  of  the  test  conditions  increased 
this  initial  advantage  decreased  until  at  the 
end  of  the  72-hour  heating  period  at  325°  F., 
it  was  practically  eliminated. 

As  indicated  in  the  previous  discussion,  it 
is  fair  to  conclude  that  the  loss  in  effectiveness 
of  the  additives,  as  a  result  of  prolonged 
preliminary  heating,  will  be  much  less  severe 

Table  5. — Comparison  of  the  effectiveness  of 
additives  in  reducing  moisture  absorption 
and  volumetric  swell 


Additives 


None 


Ranoe  and  Average  Values 


Moisture  absorption 

Minimum 

Maximum 

Average 

Volumetric  swell: 

Minimum 

Maximum 

Average 


Pet. 

Pet. 

Pet. 

1.8 

2.1 

2.3 

4.2 

2.7 

3.1 

3.1 

2.4 

2.8 

.6 

.3 

.3 

3.2 

1.0 

1.7 

1.5 

.6 

1.0 

Frequency  of  Occurrence  in  16  Tests 


Moisture     absorption 
(percent) : 

2.0  or  less 

2.1-2.5 

2.6-3.0 

3.1-3.5 

More  than  3.5 

Volumetric  swell  (per- 
cent) : 

0.5  or  less 

0.6-1.0 ---. 

1.1-1.5 

1.6-2.0 

More  than  2.0 


1 

0 

0 

2 

10 

4 

5 

6 

9 

4 

0 

3 

4 

0 

0 

0 

5 

1 

0 

11 

9 

4 

0 

5 

4 

0 

1 

3 

0 

0 

Pet.. 
1.9 
3.2 
2.5 

.4 
1.8 
1.2 


in  practice  than  it  was  in  these  laboratory 
tests.  It  is  also  concluded  that  overheating 
the  aggregate  is  more  detrimental  than  pro- 
longed heating  of  the  asphalt. 

Effect   of  Additives   on    Bituminous 
Mixtures 

All  specimens  used  in  this  study  had  the 
same  composition  and  were  prepared  and 
tested  under  a  single  procedure.  An  oppor- 
tunity is  afforded,  therefore,  to  consider  the 
effects  of  additives  upon  certain  properties  of 
the  mixture,  such  as  moisture  absorption  and 
volumetric  swell. 

Moisture  absorption 

Reference  to  the  data  given  in  table  3  shows 
that  with  few  exceptions  moisture  absorption 
was  less  when  additives  were  used  than  when 
the  asphalt  was  untreated.  The  data  show 
that  only  general  relations  can  be  observed 
with  respect  to  the  effect  of  additives  on 
absorption.  A  further  comparison  of  the 
relative  effectiveness  of  the  additives  is  shown 
in  table  5.  Of  the  three  additives  tested,  all 
were  of  some  benefit  in  reducing  moisture 
absorption  and  additive  A  was  the  most 
effective  in  this  respect. 

Volumetric  swell 

Experience  has  indicated  that  volumetric 
swell  of  bituminous  mixtures  subjected  to 
moisture  may  be  expected  to  result  in  loss  of 
stability  or  strength.  Consequently,  it  would 
be  expected  that  additives  would  reduce  the 
tendency  of  mixtures  to  swell  if  they  were  to 
be  effective  in  maintaining  the  structural 
stability  of  the  mixtures.  The  changes  in 
volume  which  occurred  in  the  four-day  immer- 
sion period  are  given  in  table  3,  and  are  ex- 
pressed as  the  percentage  increase  in  volume 
on  the  basis  of  the  volume  of  the  specimens 
before  immersion.  It  will  be  observed  that, 
in  general,  the  maximum  swell  recorded  oc- 
curred in  specimens  that  did  not  contain  an 
additive  and  that  for  the  same  test  conditions, 
the  amount  of  swell,  in  38  instances  out  of  48 
was  less  when  an  additive  was  used.  Al- 
though no  definite  pattern  of  behavior  can  be 
established,  some  indication  of  the  beneficial 
effect  of  the  additives  can  be  obtained  by 
study  of  the  data  shown.  Probably  a  better 
comparison  of  the  effectiveness  of  the  addi- 
tives in  reducing  volumetric  swell  can  be 
obtained  from  table  5.  The  data  show  that 
all  three  additives  were  of  some  benefit  in 
reducing  volumetric  swell  and  that  additive 
A  was  the  most  effective. 
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Properties  of  Concrete  Containing 

a  Blend  of  Portland  Cement  and  Air- 
Entraining  Ground  Blast-Furnace  Slag 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BE  REAL!  OF  PUBLIC  ROADS 


The  results  of  the  lesls  reported  in  this 
article  indicate  thai  finely  ground  blast- 
furnace slag  containing  an  air-entraining 
admixture  can  be  used  advantageously  in 
concrete  as  a  blend  with  non-air-entraining 
Portland  cement.  The  durability  of  con- 
crete containing  this  blend  was  equal  or 
superior  to  that  of  corresponding  concretes 
made  with  either  air-en  training  or  non-air- 
entraining  porlland  cements  used  alone  or 
blended  with  natural  cement.  Similarly, 
favorable  strength  performance  was  ob- 
served except  in  comparison  to  concrete 
made  with  unblended  non-air-entraining 
Portland  cement. 

FINELY  ground  water-granulated  blast- 
furnace slag  containing  a  commercial  air- 
entraining  audit  has  been  developed  recently 
for  use  as  a  blend  with  portland  cement  in  the 
same  ratio  as  natural  cement  is  commonly 
blended  with  portland  cement  (one  bag  of 
natural  cement:  plus  six  bags  of  portland 
cement  in  a  seven-bag  batch).  This  report 
presents  the  results  of  a  series  of  tests  to  de- 
termine the  effect  of  using  a  blend  of  a  type  II 
non-air-entraining;  portland  cement  and  the 
finely  ground  blast-furnace  slag  containing 
an  air-entraining  admixture  on  the  strength 
and  durability  of  paving  concrete.  For  com- 
parison, sin  ilar  tests  also  were  made  on  con- 
crete containing  the  unblended  type  II  port- 
land  cement,  the  unblended  air-entraining 
counterpart  of  that  cement  (type  IIA),  and 
blends  of  each  of  these  portland  cements  and 
natural  cement.  Proportions  were  similar  to 
those  which  have  been  generally  employed  for 
many  years  in  cases  where  blends  of  portland 
and  natural  cement  have  been  used  in  pave- 
ment construction. 

Many  of  the  Northeastern  States  have  been 
using,  for  the  past  20  years  or  so,  a  blend  of 
portland  and  natural  cement  in  the  const  mic- 
tion of  concrete  pavements.  The  practice  has 
been  established  largely  on  the  basis  of  field 
experience  which  has  indicated  that  the  re- 
placement of  one  bag  of  portland  cement  by 
one  bag  of  natural  cement  in  the  average  pave- 
ment mix  will  improve  the  resistance  of  the 
concrete  to  weathering  without  significant 
loss  in  strength.  Natural  cements  as  used  in 
the  Northeastern  area,  are  of  two  types:  ;i 
natural  cement  to  which  there  has  been  added 


46 


Reported  by  WILLIAM   E.  GRIEB  and  GEORGE  WERNER 
Highway  Physical  Research  Engineers 


a  very  small  amount  of  beef  tallow  (0.05  to 
0.10  percent),  which  is  designated  as  type  N 
by  State  specifications,  and  a  natural  cement 
which  has  been  plasticised  by  adding  a  rela- 
tively large  quantity  (0.20  to  0.30  percent)  of 
beef  tallow.  The  former  type  only  was  used 
in  this  investigation. 

Conclusions 

The  results  of  this  series  of  tests  indicate 
that  ground  blast-furnace  slag  containing  an 
air-entraining  admixture  can  be  used  advan- 
tageously in  concrete  as  a  blend  with  non-air- 
entraining  portland  cement  in  the  proportions 
of  approximately  14  percent  ground  slag  to 
86  percent  portland  cement,  by  volume. 

For  the  materials  used  in  these  tests,  the 
durability  of  concrete  containing  this  blend 
(as  measured  by  laboratory  freezing  and 
thawing  tests)  was  far  superior  to  that  of  the 
corresponding  concrete  containing  either  the 
type  II  non-air-entraining  portland  cement  or 
the  blend  of  that  cement  with  the  type  N 
natural  cement  and  was  as  good  as  that  of  the 
concrete  containing  the  type  IIA  air-entraining 
portland  cement  and  the  blend  of  that  cement 
with  natural  cement.  The  strength  of  con- 
crete containing  the  blend  of  the  type  II  cement 
and  ground  slag,  while  not  as  high  as  that  of 
the  concrete  containing  the  type  II  portland 
cement,  was,  on  the  average,  somtewhat  higher 
than  the  concrete  containing  the  blend  of  type 
II  portland  and  natural  cement.  Further- 
more, the  strength  of  this  combination  was, 
in  all  but  one  case,  higher  than  that  of  the 
concrete  containing  the  type  IIA  portland 
cement,  either  unblended  or  blended  with 
natural  cement . 


Materials  Used 


this 


The  following   materials  were  used 
investigation: 

Portland  cement,  ASTM  type  II. 
Air-entraining    portland    cement,    ASTM 
type  IIA,  from  the  same  plaid. 
Natural  cement,  New  York  State  type  N.1 
Ground    water-granulated    blast-furnace 


1  See  Specifications,  State  of  New  York  Department  of 
Public  Works,  Division  of  Construction,  dated  .Tan.  2,  1947, 
p.  73. 


slag  containing  0.090  percent  of  an  air- 
entraining  admixture. 

Siliceous  sand  from   White   Marsh,    Mdl 
fineness  modulus,   2.80;  specific  gravity, 
2.64  (bulk  dry  basis). 
Crushed   limestone   from    Riverton,    Va.; 
specific   gravity,    2.78    (bulk    dry    basis). 
I1 --inch  maximum  size  for  strength  speci- 
mens and  1-inch  for  durability  specimens 
The  results  of  chemical  and  physical  tests  on 
the  cements  are  shown  in  table  1.     The  port- 
land  cements  conformed   to  the  specification 
requirements  of  the  applicable   ASTM   spec- 
ifications in  all  respects.     The  natural  cement 
met  the  requirements  of  ASTM  specification 
C   10-37  for  soundness,  time  of  setting,  and 
tensile  strength  at  28  days.     It  failed  to  meet 
the  minimum  tensile  strength  of  75  p.s.i.  at 
7   days   required   by   this   specification.     The 
ground  blast-furnace  slag  met  the  chemical  re- 
quirements of  ASTM  specification  C  205-48  T 
(portland  blast-furnace  slag  cement)   for  the 
slag  constituent  of  this  cement.     It  also  met 
the    7-   and   28-day    tensile   strength    require- 
ments of  this  specification  but  failed  to  attah 
final    set    at    10    hours,    as    required    by    t  hj 
specification. 


Combinations  and  Proportions 

The  various  cement  combinations  and  pro 
portions  used  in  these  tests,  as  well  as  tin 
results  of  tests  on  the  plastic  concrete,  are 
shown  in  table  2.  Mixes  1-5  were  used  in  the 
strength-test  specimens;  mixes  6-10  were  used 
in  the  specimens  tested  for  durability. 

For  the  mixes  containing  unblended  port- 
land  cement  (Nos.  1,  4,  6,  and  9)  the  propor- 
tions were  adjusted  to  give  a  cement  content 
of  6.4  bags  per  cubic  yard,  which  is  approxi- 
mately the  cement  factor  used  in  concrete 
paving  in  most  of  the  Northeastern  States 
In  the  case  of  the  mixes  with  blended  cen  ent 
(Xos.  2,  3,  5,  7,  8,  and  10)  replacements  for  a 
portion  of  the  portland  cement  by  natural 
cement  or  ground  slag  were  made  on  the  basis 
of  a  blend  containing  86  percent  port  lane 
cement  and  14  percent  natural  cement  oi 
ground  slag,  by  volume.  This  is  approxi- 
mately the  ratio  used  in  practice  where  it  i; 
customary  to  substitute  one  80-pound  (1  cubi< 
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Tablo  1. — Chemical 

composition  ant 

phys 

cal    properties    of 

cements 

and    ground 

slag 

Portland 

cement 

Nat- 

Non- 
air- 

Air- 
en- 

ural 

ce- 
ment 

Gr'nd 
slag 

train- 

train- 

ing 

ing 

Chemical  composition 

(in  percent) : 

Silicon  dioxide 

21.2 

21.2 

23  6 

33.  4 

Aluminum  oxide. _- 

5.7 

5.7 

5.4 

10.7 

Ferrous  oxide 

1.2 

Ferric  oxide.  ..     .. 

4.5 

4.5 

4.4 

Calcium  oxide 

63.0 

63.0 

33.1 

46.4 

Magnesium  oxide.. 

2.1 

2.2 

20.9 

5.3 

Sulfur  trioxide 

1.5 

1.5 

1.5 

.  57 

Manganic  oxide 

.44 

Sulfide  sulfur 

1.27 

Total  sulfur 

1.50 

Sodium  oxide 

.16 

.  16 

.28 

Potassium  oxide. ._ 

.62 

.  fit 

1.52 

Loss  on  ignition 

1.1 

1.0 

9.2 

11.70 

Insoluble  residue.. 
Chloroform-soluble 

.12 

.  If, 

14.5 

.21 

material 

.005 

.  008 

.  032 

.0004 

Triealcium  silicate. 

46 

40 

Dicalcium  silicate.. 

26 

26 

Tri  calcium  alu- 

minate 

8 

8 

.... 

Tetracalcium  alu- 

minoferrite .. 

14 

14 

Calcium  sulfate 

2.5 

2.5 

.... 

.._. 

Physical  properties: 

Apparent   specific 

gravity 

3.17 

3.  19 

3.  05 

2.94 

Specific  surface 

cm.2/gm 

1,7411 

1,640 

Autoclave    expan- 

sion  percent.. 

.02 

.04 

Normal      consist- 

ency  percent __ 

23.0 

23.  0 

31.2 

29.2 

Time  of  set  (Gill- 

more): 

Initial.-hours-- 

5.2 

5.0 

2.3 

2  3.5 

Final do 

7.2 

7.5 

4.1 

2  10+ 

Tensile     strength, 

1  :  3  mortar: 

At  7daysp.s.i- 

375 

370 

M0 

3«0 

At28davs  .do. 

490 

455 

M90 

450 

Soundness       (pat 

test) 

OK 

OK 

Air  content  (mor- 

tar test)  percent-. 

10.7 

17.0 

<  13.  2 

5  15.7 

Table  3. — Results  of  strength  tests 


1  Gain  in  weight.        2  Vicat  test.        '1:2  mortar. 

*  14  percent  natural  cement;  so  percent  Portland  cement 

;>y  weight). 

5  12  5  pen-cut    mnl  -lav.;  S7.5   permit    portland   cement 

ly  weight). 


)ot)  bag  of  natural  cement  or  ground  slag  for 
ne  94-pound  (1  cubic  foot)  bag  of  portland 
men!  in  a  seven-bag  batch.  The  relative 
uantities  used  were  such  as  to  maintain  the 
ime  total  volume  of  cementitious  material 
er  unit  volume  of  concrete  as  was  used  in  the 
ifblended  mixes. 


Mix 
No. 

Cement  comhin:  i 

Aii- 
eon  tent 
(gravi- 
metric) 

Strength  tests  of  concreti 

Portland  cement 

Blending  material 

Flexure:  Modulus  of 
rupture  i  at— 

Compression  (beams  z) 
at— 

Com- 
pression 
(cylin- 
ders.') at 
It  days 

14 

days 

90 
days 

365 
days 

15 

days 

ill 

days 

.'it  ill 
days 

1 
2 

3 

4 

Type  11- 

None 

Natural  cement 

Ground  slag  

None 

Natural  cement 

Pet. 

2.8 

5.4 
5.  6 
4.4 

P  s.  i. 

sill 

805 
830 

770 
725 

P.  s.  i. 
900 

935 

c.it:. 
840 
890 

P.  s.  i. 
940 

st:, 
865 
785 

7711 

P.  S.  i. 
6,140 
5,  100 
5,550 

5.121) 
4,  590 

P.  a.i. 
6,560 
6,  450 
6,280 
6,  160 

P.  s.  i. 
8,750 

7.  2111) 
7.  still 
C.,72ll 
7,060 

P.  S.  !. 

5,  I  10 
1,600 
1.  190 
4,640 
4,280 

Type  II 

Type  II 

Type  IIA 

s 

l  ype  IIA 

1  Tests  made  on  6- by  6- by  21-inch  bean  is,  tested  in  accordance  with  ASTM  standard  method  C  78-49,  with  sides  as  molded 
in  tension.    Loaded  at  third  points  of  an  18-inch  span.    Each  value  average  of  two  or  three  tests. 

2  Tests  made  on  portions  of  beams  remaining  after  flexure  test,  in  accordance  v.  itli  ASTM  standard  method   C  116-49. 
Each  value  average  of  four  or  six  tests. 

3  Tests  made  on  6-  by  12-ineh  cylinders  in  accordance  with  ASTM  standard  method  C  39-49.     Each  value  average  of 
three  tests. 


For  the  base  or  reference  mixes  (Nos.  1  and 

6)  a  ratio  of  fine  to  coarse  aggregate  was 
established  to  approximate  an  average  con- 
crete pavement  mix,  using  crushed  stone  as 
etjarse  aggregate.  For  the  materials  used  in 
these  tests,  the  base  mixes  entrained  about 
2.5  percent  air.  It  was  found  that  the  blend- 
ing of  the  natural  cement  with  the  non-air- 
ent  raining  portland  cement  (mixes  No.  2  and 

7)  resulted  in  the  entrainment  of  very  little 
additional  air.  Therefore,  no  adjustment  in 
sand  content  was  made  in  the  case  of  these 
mixes.  In  all  the  other  combinations,  how- 
ever, a  substantial  increase  in  air  content  was 
noted  so  that,  in  each  of  these  cases,  it  was 
necessary  to  reduce  the  fine  aggregate  content 
sufficiently  to  maintain  the  same  total 
quantity  of  cementitious  material  per  cubic 
yard  of  concrete. 

All  concretes  had  a  slump  ranging  from  2.4 
to  3.0  inches.  For  this  consistency  the  air- 
entrained  concrete  required  approximately  2 
gallons  of  water  less  per  cubic  yard  of  concrete 
than  was  required  for  the  non-air-entrained 
concrete. 

Test  Procedures 

Because  of  the  extensive  use  of  blends  of 
natural  and  portland  cements  in  paving  con- 
crete in  several  of  the  Northeastern  States,  as 
well  as  in  certain  other  sections  of  the  country, 
it  was  decided  to  make  the  primary  strength 
study  an  investigation  of  the  flexural  strength 
of  the  concrete  and  to  determine   the  com- 


Table  2. — Cement 

com  hi 

nations,  proportions,  and  tests 

of  plastic  concrete 

Mix  No. 

Combinations  used,  and  quantities  per  cubic  yard  of 
concrete 

Tests  OH  plaStiC  concrete 

Portland  cement 

Natural 
cement 

Ground 
slag 

Aggregate 

Water 

Slump 

Weight 

Air 

content 
(gra\  i- 

inel  ric) 

Type 
II 

Type 
IIA 

Fine 

Coarse  ' 

For  strength  tests: 

1  - 

Lb. 
602 

517 

517 

0 

0 

602 

517 

517 

0 

0 

Lb. 

0 
0 
0 

602 
517 

0 

0 

0 

602 

517 

Lb. 

0 

72 
0 
0 
72 

0 
72 
0 
0 

72 

Lb. 
0 
0 
72 
0 
0 

0 
0 
72 
0 
0 

Lb. 

1,203 

1,203 

1,107 

1,107 

1,  107 

1,210 
1,210 

1 .  1 1  ."> 
I,  US 
1,115 

Lb. 

2, 035 
2.035 
2,  035 
2, 035 
2,035 

1,940 
1,940 

1.040 
1.940 
1,940 

Lb. 

271 
267 
253 
254 
260 

287 
285 
268 
267 

273 

In. 
3.0 
2.7 
2.8 
2.  8 
2.8 

2.  1 
2.  6 

3.0 

2.6 

Lb./cu. 

li. 

152.2 
151.6 
148.2 

■  !-  :; 
147.4 

150.3 
149.7 
145.9 
146.2 

146.9 

Pet. 

2.5 
2.8 
5.4 
5.  6 
4.4 

2.3 

2.7 
5.7 
6.1 
4.9 

2 

3 

4 

5 ... 

For  durability  tests: 
62 

7 

8 

9____ 

10 

1  Maximum  aggregate  size  was  \\h  inches  for  strength  tests  and  1  inch  for  durability  tests 

2  Base  or  reference  mixes. 
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pressive  strength  by  means  of  tests  on  modi- 
fied cubes  from  the  broken  halves  of  the 
beams  remaining  after  the  flexural  tests. 
However,  as  a  check  on  the  modified  cube 
tests,  6-  by  12-inch  cylinders  were  made  for 
test  at  14  flays  only.  The  flexural  test  speci- 
mens were  6-  by  6-  by  21 -inch  beams,  and 
were  tested  in  accordance  with  ASTM 
standard  method  C  78-49.  The  modified 
cubes  were  6  by  6  inches  in  cross  section  and 
were  tested  in  accordance  with  ASTM 
method  ('  11(>-4!1.  Flexure  specimens  were 
tested  after  14,  90,  and  365  days  in  moist 
storage.  The  broken  beams  were  tested  as 
compression  specimens  on  the  following  days. 
The  results  of  the  strength  tests  tire  shown  in 
table  3. 

Specimens  for  durability  testing  (as  deter- 
mined by  freezing  and  thawing  in  water) 
were  3-  by  4-  by  10-inch  beams.  Cement 
contents  were  the  same  as  for  the  strength 
tests.  However,  the  maximum  size  of  the 
coarse  aggregate  was  1  inch  instead  of  \l/2 
inches,  with  a  corresponding  change  in  the 
ratio  of  fine  to  coarse  aggregate  necessitated 
by  the  smaller  maximum  size  (see  table  2, 
mix  Nos.  fi-10). 

Two  groups  of  specimens  were  made.  In 
the  first  group,  3-  by  4-  by  16-inch  beams  were 
sawed  from  I-  by  16-  by  24-inch  slabs  in  such  a 
way  as  to  provide  seven  beams,  each  having 
i  wo  parallel  sawed  surfaces.  Prior  to  sawing, 
the  -labs  were  cured  under  wet  burlap  for  7 
days,  followed  by  28  days  storage  in  laboratory 
air.  After  sawing,  four  of  the  test  beams  from 
each  slab  were  placed  in  moist  air  storage  to  be 
tested  as  control  specimens.  The  other  three 
were  immersed  in  water  for  -18  hours  after 
which  the  freezing  and  thawing  test  was 
started.  In  the  second  group,  individual 
:->-  by  4-  by  16-inch  beams  were  molded  in 
three-gang  molds  from  the  same  batch  of 
concrete  used  for  molding  the  slabs.  These 
beams  were  moist-cured  continuously  until 
the  start  of  the  freezing  and  thawing  test. 
No  individual  beams  for  control  tests  were 
made.  All  specimens  were  frozen  and  thawed 
in   water  ai   a  temperature  range  from  70°  to 

—  20°  F.  A  rather  slow  cycle  was  used, 
approximately  7  hours  being  required  to  reduce 
the  temperature  of  the  concrete  from  70°  to 

—  20°  F.  One  complete  cycle  required  24 
hours,  the  specimens  being  placed  in  tin; 
fiee/int;  chamber  at  about  4  p.  m.,  remaining 
there  until  about  9  a.  m.  the  following  morning, 
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and  then   being  placed  in   the  thawing  tank 
until  4  p.  m. 

The  natural  frequency  of  vibration  of  each 
specimen,  expressed  as  N2  (natural  frequency 
of  vibration,  squared),  was  determined  sonic- 
ally  at  70°  F.  at  the  start  of  the  test  and  at 
periodic  intervals  thereafter.  Alternate  freez- 
ing and  thawing  was  continued  for  200  cycles 
or  until  the  specimens  showed  a  drop  in  N2  of 
40  percent,  whichever  occurred  first.  The 
reduction  in  N?  at  periodic  intervals,  expressed 
as  percentages  of  the  corresponding  values  at 
zero  cycles,  is  shown  in  table  4.  Also 
shown  are  the  durability  factors  and  the 
reductions  in  flexural  strength  expressed  as 
percentages  of  the  strength  of  moist-cured 
specimens  tested  at  the  same  time.  The 
durability  factors  were  calculated  from  the 
following  formula: 


Table  4. — Results  of  durability  tests 


DF  = 


(100- R)N 


200 
Where 

DF= durability  factor. 

R  =  reduction    in    A^2    (value    will    be    40 

percent  or  less). 
A^=  number  of   cycles  at  which   R   was 
reduced  40  percent,  or  200,  whichever 
occurred  first. 
This  formula  is  the  same  as  that  shown  in 
ASTM   tentative  specification    C  260-50   T, 
except  that  values  for  N2  were  used  in  place  of 
the  dynamic  modulus  of  elasticity  and  cal- 
culations were  based  on  a  reduction  in  N2  of 
40  percent  instead  of  30  percent. 

Discussion  of  Results 

The  results  of  the  tests  are  summarized  in 
table  5  which  shows,  for  each  test  age,  the 
relative  strength  and  durability  of  each  com- 
bination as  compared  to  the  base  mix  (concrete 
containing  the  unblended  type  II  portland 
cement).  The  trends  revealed  by  these  data 
will  be  discussed  briefly,  first  with  respect  to 
strength  and  second  with  respect  to  durability. 

Reference  to  table  3  shows  that,  except  in 
two  cases,  the  base  mix  (No.  1)  developed 
higher  strengths  both  in  flexure  and  compres- 
sion than  any  of  the  other  combinations. 
Reductions  in  strength  (table  5)  varied  from 
an  average  of  about  7  percent  for  the  blend  of 
type  II  portland  cement  and  ground  slag 
(No.  3)  to  an  average  of  about  16  percent  in 
the  case  of  the  blend  of  type  IIA  portland 
cement  and  natural  cement  (No.  5).  The 
blend  of  type  II  portland  cement  and  natural 
cement  (No.  2)  and  the  unblended  type  IIA 
portland  cement  (No.  4)  showed  average  per- 
centage reductions  intermediate  between  these 
extremes.  Reductions  in  strength  shown  for 
mix  Nos.  4  and  5  are  in  line  with  what  would 
be  expected  due  to  the  relatively  high  air 
content  of  these  combinations.  However, 
mix  No.  3,  with  next  to  the  highest  air  content, 
showed  the  smallest  average  reduction  in 
strength — actually  less  than  mix  No.  2,  which 
had  an  air  content  only  0.3  percent  higher  than 
the  base  mix. 

It  will  be  noted  from  table  3  that  all  of  the 
combinations  except  the  base  mix  showed 
retrogression  in  flexural  strength  at  1  year  as 
compared  to  the  strength  at  90  days.     This 
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Mix 

No. 

Cement  combination 

Type  of 
specimen 

Air 
content 
(gravi- 
metric) 

Reduction  in  N-  after  freezing  and 
thawing  for  —  cycles 

Du- 
ra- 
bil- 
ity 
fac- 
tor 

Reduc- 
tion in 
flexural 
strength1 

Portland  cement 

Blending  material 

10 

25 

50 

75 

100 

125 

150 

175 

200 

6 

7 
8 
9 
10 

Type  II 

Type  II 

Type  II 

Type  IIA 
TypellA- 

None- 

/  Molded  - 
\  Sawed   . 
fMolded- 
\Sawed   . 
(Molded- 
1 Sawed  - . 
/  Molded  . 
\Sawed-- 
f  Molded. 
1  Sawed.  _ 

Pet. 

2.3 
2.3 

2.7 
2.7 
5.7 
5.7 
6.1 
6.1 
4.9 
4.9 

Pet. 

9 
9 
9 
8 
6 
6 
7 
3 
8 
6 

Pet. 

17 
13 
18 
14 
13 

9 
13 

5 
14 

8 

Pet. 

28 
23 
22 
31 
14 
14 
18 
12 
18 
12 

Pet. 

30 
22 
23 
37 
16 
15 
18 
12 
18 
14 

Pet. 

43 
28 
30 

20 
20 
23 
15 
21 
15 

Pet. 

2  39 
2  40 

26 
25 
30 
20 
28 
22 

Pet. 

33 
29 
39 
26 
35 
27 

Pet. 

35 
30 
40 
27 
35 
30 

Pet. 

39 
35 
41 
32 
36 
33 

29 
36 
36 
24 
61 
65 
60 
68 
64 
67 

Pet. 

54   (120) 

53  (75) 

52   (200) 


46   (200) 

54  (200) 

Natural  cement... 

Ground  slag 

None 

Natural  cement... 

1  Reduction  in  flexural  strength  after  alternate  freezing  and  thawing  expressed  as  a  percentage  of  the  strength  of  correspond  - 
ing  control  specimens  stored  continuously  in  moist  air  and  tested  at  the  same  time.  Values  in  parentheses  are  number  of 
cycles  at  which  test  was  made. 

2  These  final  readings  were  at  120  cycles. 


is  somewhat  surprising,  especially  in  view  of 
the  fact  that  a  type  II  cement  was  used  as 
the  portland  cement  constituent  in  all  of  the 
blends  as  well  as  in  the  unblended  air-en- 
trained portland  cement  concrete.  This  tend- 
ency also  has  been  noted  in  another  current 
investigation  of  the  Bureau  where  the  effect  of 
air-entraining  admixtures  on  strength  is  being 
investigated.  However,  it  was  not  evident 
in  the  study  of  age-strength  relations  for  air- 
entrained  concrete  recently  reported  in  Pub- 
lic Roads,2  nor  was  it  evident  in  the  study  of 
various  natural  cement  blends  published  in 
Public  Roads  in  1947.3 

In  contrast  with  the  flexural  strength  re- 
sults, the  compressive  strength  of  all  combina- 
tions increased  between  91  and  366  days 
although  the  rate  of  increase  was  somewhat 
less  for  the  blends  and  the  unblended  air- 
entrained  concrete  than  for  the  base  mix. 
From  table  3,  it  will  also  be  noted  that  the 
results  of  the  14-day  compression  tests  of  6- 
by  12-inch  cylinders,  while  considerably  lower, 
parallel  in  general  the  15-day  tests  on  the 
modified  cubes. 

The  three  combinations  which  contained 
substantial  amounts  of  entrained  air  (Nos.  8, 
9,  and  10)  were  much  more  resistant  to  alter- 
nate freezing  and  thawing  than  the  two  mixes 


2  Age-strength  relations  for  air-entrained  concrete,  by  F.  H. 
Jackson.    Public  Roads,  vol.  27,  No.  2,  June  1952. 

3  The  effect  on  properties  of  concrete  of  natural  and  portland 
cement  blends,  by  A.  G.  Timms,  W.  E.  Grieb,  and  Geo. 
Werner.    Public  Roads,  vol.  25,  No.  2,  Dec.  1947. 


(Nos.  6  and  7)  with  relatively  low  air  content, 
as  may  be  seen  in  tables  4  and  5.  The  average 
of  the  durability  factors  for  the  three  mixes 
of  high  air  content  was  about  65  as  compared 
to  an  average  value  of  about  30  for  the  two 
mixes  of  low  air  content.  Except  for  mix 
No.  7,  test  specimens  sawed  from  the  4-  by 
16-  by  24-inch  slabs  showed  higher  resistance 
than  the  corresponding  molded  beams.  This 
was  due,  no  doubt,  to  the  28-day  drying  period 
introduced  during  the  curing  of  the  slabs. 
The  molded  beams  were  continuously  moist 
cured  until  tested.  The  low  resistance  shown 
by  the  combination  containing  the  non-air- 
entraining  portland  cement  and  natural 
cement  (No.  7)  is  in  line  with  the  results  which 
were  reported  for  a  similar  combination  in 
1947.4  However,  the  reversal  in  trend  with 
respect  to  the  comparative  durability  of  the 
sawed  vs.  the  molded  beams  shown  by  this 
combination  has  not  been  explained. 

Referring  again  to  table  4,  it  will  be  noted 
that  the  reduction  in  flexural  strength  after 
freezing  and  thawing  parallels,  in  general, 
the  reduction  in  N2,  thus  verifying  the  as- 
sumption that  the  decrease  in  the  natural 
frequency  of  vibration  of  a  concrete  specimen 
as  the  result  of  alternate  freezing  and  thawing 
is  a  measure  of  its  loss  in  strength.  It  should 
be  noted,  however,  that  no  direct  comparison 
between   loss   in   flexural   strength   and   dura- 


'  See  footnote  3. 


Table  5. — Summary  of  test  results 


Mix 

No. 

Cement  combination 

Air 
content 

f-'la\  i 

metric) 

Decrease  in  strength  as  compared  to 
strength  of  base  mix  (No.  1) 

Change  in  durability 
factor 

Portland 
cement 

Blending 
material 

In  flexure, 
after— 

In  compression, 
after — 

Av- 
er- 
age' 

Sawed 
beams 

Molded 
beams 

Aver- 
age 

14 
days 

90 
days 

365 
days 

14 
days 

15 
days 

91 
days 

366 
days 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

Type  II 
Type  II 
Type  II 

TvpellA 

TypellA 

Type  II 
Type  II 
Type  II 
Type  IIA 
TypellA 

None   _ 

Pet. 

2.5 
2.8 
5.4 
5.6 
4.4 

2.3 

2.7 
5.7 
6.1 
4.9 

Pet. 

~~4 

1 

8 

14 

Pet. 

+4 

+  1 

7 

1 

Pet. 

"lb 

8 
16 
18 

Pet. 

ii 

13 

10 
17 

Pet. 

"l2 
10 
17 
25 

Pet. 

~12 
4 
6 
16 

Pet. 

18 

11 
23 
19 

Pet. 

~~9 
7 
12 
16 

-12 
+29 
+32 

+31 

~+7 
+32 
+31 
+35 

~-2 

+30 
+32 
+33 

Natural  cement . 
Ground  slag 
None .  

Natural  cement 
None  -  -  - 

Natural  cement. 

Ground  slag 

None 

Natural  cement. 

Average  of  flexure  and  compression  values. 


llifl 
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bility  factor  is  possible  due  to  the  variable 
number  of  cycles  of  freezing  and  thawing  at 
which  the  strength  tests  were  made.  On  the 
other  hand,  comparison  can  be  made  between 
the  loss  in  fiexural  strength  and  the  loss  in  TV2 


after  the  same  number  of  cycles  of  freezing 
and  thawing.  For  example,  the  54-percent 
loss  in  fiexural  strength  for  the  base  mix 
(No.  6)  at  120  cycles  can  be  compared  to  the 
drop  in  N2  of  39  percent  at  the  end  of  the  same 


number  of  cycles.  For  the  several  combina- 
tions, the  ratio  of  the  loss  in  strength  to  the 
drop  in  iV2  varied  from  1.4  to  1.6.  Previous 
investigations  have  shown  that  this  ratio  is 
usually  1.2  or  greater. 


•UBLIC  ROADS  •  Vol.  28,  No.  3 
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A  Comparison  of  Rapid  Methods  for  the 
Determination  of  Liquid  Limits  of  Soils 


BY  THE  PHYSICAL  RESEARCH  BRANC 
BUREAU  OF  PUBLIC  ROAD 


Reported  by  FRANK   R.  OLMSTEAD 
and  CLEMENT  M.  JOHNSTON 
Highway  Physical  Research  Engineers 

Engineers  responsible  for  the  routine  testing  of  large  numbers  of  soil  samples 
for  highway  construction  and  maintenance  need  rapid  methods  for  testing.  In 
this  study,  two  simplified  methods  of  determining  the  liquid  limit  of  soil  are 
compared  with  the  standard  method  to  indicate  their  reliability  and  accuracy. 
Both  are  "one-run"  methods,  that  is,  they  require  a  single  determination  of 
moisture  and  number  of  blows  for  groove  closure  to  calculate  the  liquid  limit. 

The  methods  discussed — the  chart  method  developed  by  the  Washington  State 
Department  of  Highways  and  a  modification  of  the  chart  method  involving  use 
of  a  slide  rule — have  been  compared  f  or  a  wide  range  of  soilsfound  in  many  of  the 
States.  Both  of  these  methods  are  rapid  and  reduce  the  time  normally  required 
for  testing  by  as  much  as  30  to  70  percent.  They  were  found  to  have  good  repro- 
ducibility and  to  have  sufficient  accuracy,  within  limits,  to  be  acceptable  as 
alternate  test  procedures  for  the  standard  method  used  for  the  deter  m  i tuition  of 
the  liquid  limit  soil  constant. 


THE  lower  liquid  limit,  developed  by 
Albert  Atterberg,  was  suggested  in  1926 
as  one  of  the  soil  constants  that  could  be 
used  to  evaluate  a  soil  as  a  road-building 
material.1  This  soil  constant  is  now  widely 
used  by  highway  and  airport  engineers  to 
evaluate  soils  for  use  as  subgrade,  base 
course,  and  embankment  material.  High 
liquid  limits  usually  indicate  heavy  clays 
and  low  values  indicate  friable  soils,  silts, 
and  clayey  sands. 

The  lower  liquid  limit,  now  known  as  the 
liquid  limit,  is  defined  as  the  percentage  of 
moisture,  based  on  the  dry  weight  of  soil, 
at  which  a  soil  will  just  begin  to  flow  when 
jarred  slightly.  According  to  this  definition, 
soils  at  their  liquid  limit  have  a  small  but 
definite  shear  resistance  which  can  be  over- 
come by  the  application  of  very  little  force. 
The  cohesion  of  the  soil-water  mixture  at  the 
liquid  limit  is  practically  zero. 

The  determination  of  this  soil  constant  as 
originally  proposed  was  made  by  a  hand 
method  '  in  which  the  operator  adjusted  the 
moisture  content  by  trial  and  error  until 
exactly  10  blows  closed  a  standard  width 
groove  made  in  the  soil  sample.  The  moisture 
content  for  this  soil  sample  was  taken  as 
the  liquid  limit  of  the  soil.  This  method 
required  considerable  skill  and  judgment  by 
the  operator  to  obtain  duplicate  test  results. 

As  soil  testing  became  more  widely  used, 
the  need  for  a  more  practical  test  procedure 
became  apparent  and  a  mechanical  device 2 


1  Adaptation  of  Atterberg  plasticity  tests  for  subgrade  soils,  by 
A.  M.  Wintermyer.     Public  Roads,  vol.  7,  No.  6,  Aug.  1926. 

1  Research  on  the  Atterberg  limits  of  soils,  by  Arthur  Casa- 
grande.    Public  Roads,  vol.  13,  No.  8,  Oct.  1932. 
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was  developed  which  eliminated  personal 
judgment  in  estimating  the  proper  intensity 
of  the  blows  to  cause  closure  of  the  groove. 
Although  the  liquid  limit  machine  was  found 
to  give  good  reproducibility  of  results  and 
has  been  adopted  as  the  AASHO  standard 
test  method,3  it  requires  more  time  than  the 
hand  method. 

The  standard  method  requires  that  three 
random  trials  be  made,  each  at  a  different 
moisture  content  and  number  of  blows; 
that  the  percentage  of  moisture  and  number 
of  blows  be  plotted  on  semilog  paper  and  a 
flow  curve  drawn  through  the  points;  and 
that  the  liquid  limit  be  taken  as  the  moisture 
content  corresponding  to  the  point  where  the 
flow  curve  intersects  the  25-blow  line.  This 
procedure  has  less  probable  error  than  a 
single  determination  by  the  hand  method, 
and  the  machine  can  be  used  by  operators 
of  less  skill;  but  the  additional  trials,  weigh- 
ings, and  computations  require  considerably 
more  time  than  that  required  by  skilled  oper- 
ators familiar  with  the  use  of  the  one-point 
hand  method. 

It  is  reasonable  to  expect  that  engineers 
responsible  for  routine  testing  of  soils  would 
be  reluctant  to  accept  a  longer  test  procedure 
without  carefully  examining  the  method  to 
determine  if  modifications  could  be  made 
which  would  permit  more  rapid  testing  of  soils. 

One  of  the  first  modifications  to  be  tried  was 
patterned  after  the  hand  method,  by  using 
the  mechanical  liquid-limit  device  to  furnish 

8  Standard  method  of  determining  the  liquid  limit  of  soils, 
AASHO  designation  T  89-49.  Standard  Specifications  for 
Highway  Materials  and  Methods  of  Sampling  ajd  Testing, 
part  II,  6th  ed.,  p.  228.  Published  by  the  American  Associa- 
tion of  State  Highway  Officials.    1950. 


the    standard   force    and    adjusting   the    so  J 
water    consistency    by    trial    and    error    un 
exactly  25  blows  of  the  machine  closed  fc] 
standard  width  groove. 

This  modification  of  the  machine  metho 
usually  referred  to  as  the  moisture  adjustme 
method,  can  be  developed  into  an  accural 
rapid  method  by  skilled  operators  if  calibratt 
with  the  standard  method,  and  it  can  be  us« 
effectively  to  reduce  the  time  required  for  t' 
determination  of  the  liquid  limit  of  a  so 
However,  it  is  difficult  for  inexperienced  or  le 
skilled  operators  to  adjust  the  consistenty 
the  soil-water  mixture  to  obtain  groove  closu 
at  exactly  25  blows. 

Chart  Method 

A  rapid  method  for  determining  the  liqu 
limit  has  been  devised  by  Cooper  and  Johnsc 
of  the  Washington  State  Department 
Highways  4  for  the  routine  testing  of  soils 
their  laboratory.  It  is  called  the  cha 
method  and  is  based  upon  the  relation  betwei 
the  slopes  of  flow  curves  obtained  for  so 
with  different  liquid  limit  test  values.  Copp 
and  Johnson  observed,  in  their  initial  stuc 
of  soils  taken  from  various  parts  of  the  Sta 
of  Washington,  that  the  flow  index  5  computi 
from  the  flow  curves  obtained  by  the  AASH 
standard  method  of  test  increased  uniform 
with  the  liquid  limit  of  the  soils.  Fro 
these  data,  six  typical  flow  curves,  A- 
shown  in  figure  1,  were  developed. 

Cooper  and  Johnson  established  the  valil 
ity  of  these  six  typical  curves  by  plotting  t'. 
number  of  blows  and  moisture  contents  f 
single  points  representing  random  trial  ru 
on  each  of  27  different  soils.  In  this  series 
tests,  the  number  of  blows  for  groo 
closure  was  varied  within  a  range  of  7  to  6 
The  liquid  limit  was  determined  for  each  s< 
by  drawing  a  line  through  the  plotted  poi 
and  parallel  to  the  nearest  typical  flow  curv 
and  recording,  as  the  liquid  limit,  the  mois 
ure  content  at  the  intersection  of  this  lii 
with  the  25-blow  line.  An  example  is  shov 
by  dashed  lines  in  figure  1. 

*A  rapid  method  of  determining  the  liquid  limit  of  soils, 
J.  H.  Cooper  and  K.  A.  Johnson.    Materials  Laboratc 
Report  No.  83,  Washington  State  Department  of  Highwa; 
March  1950. 

6  Flow  index  is  the  range  in  moisture  content  represent 
by  the  number  of  blows  or  shocks  in  one  cycle  of  the  loii 
rithinic  scale  of  a  flow  curve. 
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Figure  1. — Relation  between  slope  of  typical  flow  curves  and  liquid  limit. 


u 

ou  The  values  thus  obtained  from  the  series  of 
ests  were  compared  with  the  liquid  limits 
|letermined  by  the  standard  method  and  good 
jivgreement  was  found  between  the  computed 
'alues  obtained  by  this  chart  method  and 
hose  determined  by  the  standard  test  pro- 
edure. 

Cooper  and  Johnson  made  a  further  simpli- 

ication  of  the  chart  method  by  subdividing 

'"heir  original  six-curve  chart  to  show  typical 

'low  curves  for  each  percentage  of  moisture, 

o  that  any  point  selected  from  a  single  mois- 

ure   content   and   corresponding   number   of 

'blows  for  groove  closure  could  be  projected 

isually   to   the   25-blow  line   to   obtain   the 

iquid  limit. 

This  improved  chart,  shown  in  figure  2, 
1  vas  checked  by  Cooper  and  Johnson  by  using 
M4  duplicate  tests  of  73  soil  samples.  In  each 
'  ^ase,  the  liquid  limit  was  determined  by  the 


moisture  adjustment  method  and  by  the  chart 
method.  This  comparison  between  the  two 
methods  of  test  showed  that  discrepancies 
ranged  from  0  to  1.8  percentage  points. 
Because  of  the  low  frequency  of  errors  in 
excess  of  1.0  percentage  point,  however,  thej 
considered  the  accuracy  of  the  chart  method 
adequate  for  soil  classification  purposes. 
They  pointed .  out  that  two  separate  closures 
of  the  soil-water  mixture  should  be  observed 
to  check  its  consistency  before  selecting  a 
moisture  sample  for  the  determination  of  the 
liquid  limit  by  this  revised  chart  method.  It 
was  their  opinion  that  the  operator  should, 
after  completing  the  second  closure,  be  suffi- 
ciently familiar  with  the  flow  characteristics 
of  the  material  to  detect  any  erroneous  results. 
Although  this  method  is  used  in  their 
routine  identification  and  classification  of 
soils,  Cooper  and  Johnson  recommend  that  it 


Table  1. — Comparison  of  deviations  in  values  of  liquid  limit  obtained  by  the  Cooper  and 
Johnson  chart  methods  from  those  obtained  by  standard  tests  l 


Range  of  deviations2  (percentage  points) 


0 _ 

4 

0.1-0.5 .- 

28 

0.6-1.0 - 

19 

1.1-1.6 

6 

1.6-2.0— 

6 

2.1-2.5 

6 

2.6-3.0- 

1 

3.1-3.5 

2 

3.6-4.0 

0 

2 

Total 

74 

Deviation  from  standard  method  values  of- 


Six-curve  chart  method  values 
(groove  closure  in  7-60  blows) 


Number 
of  tests 
deviating 
in  indi- 
cated 
range 


Percent- 
age of 
total 

number 
of  tests 


::.s 
26 


1 
3 
0 
2 

100 


Cumula- 
tive per- 
centage 


41 
70 
78 
86 
94 
95 


100 


Multicurve  chart  method  values 
(groove  closure  in  15-40  blows) 


Number 
of  tests 
deviating 
in  indi- 
cated 
range 


41 

7 

:.; 


85 


Percent- 
age of 
total 
number 
of  tests 


18 

31 
8 
4 


100 


Cumula- 
tive per- 
centage 


96 
100 


Duplicate  samples  tested,  one  at  random  blows  and  the  other  by  the  standard  test  procedure  used  in  the  Washington 


State  Department  of  Highways  laboratory. 

'  Deviations  ±  from  the  value  of  liquid  limit  determined  by  moisture  adjustment  method. 

PUBLIC  ROADS  •  Vol.  28,  No.  3 


should  not  be  used  for  the  acceptance  or  rejec- 
tion of  materials  which  have  borderline  values 
of  liquid  limit  or  plasticity  index.  In  these 
cases,  they  recommend  the  use  of  the  AASHO 
standard  mechanical  method  (designation  T 
89-49). 

The  results  of  a  statistical  analysis  of  the 
basic  data  used  by  Cooper  and  Johnson  in  the 
preparation  of  their  original  and  revised  chart 
methods  are  shown  in  table  1.  The  analysis 
shows  that  reduction  from  the  7-60  to  the 
15-40  range  in  the  number  of  blows  for  groove 
closure  increased  the  accuracy  of  the  chart 
method.  The  maximum  deviation  in  the 
revised  chart  method  for  the  15-40  blow 
range  was  2  percentage  points.  The  devia- 
tion was  less  than  1  point  for  88  percent  of 
the  tests  in  the  15-40  blow  range,  as  compared 
to  70  percent  of  the  tests  in  the  7-60  blow 
range. 

Chart  Method  Investigated 

Since  only  soils  from  the  State  of  Washing- 
ton had  been  studied  by  Cooper  and  Johnson, 
and  the  moisture  adjustment  method  was  the 
yardstick  of  comparison,  the  Bureau  of  Public 
Roads  widened  the  scope  of  the  investigation 
by  checking  the  new  method  against  the 
AASHO  standard  method  (designation, T  89- 
19)  for  364  soil  samples  selected  to  represent 
soils  from  all  sections  of  the  United  States. 
Figure  3  shows  the  areas  from  which  these 
samples  were  obtained.  The  soils  selected 
had  liquid  limits  ranging  from  15  to  104. 

The  soil  test  data  for  checking  the  accuracy 
of  the  chart  method  were  taken  from  labora- 
tory records  and  two  points  with  the  highest 
and  lowest  number  of  blows  were  selected  from 
each  standard  rlow  curve  for  each  of  the  364 
soil  samples.  The  moisture  contents  corre- 
sponding to  these  two  numbers  of  blows  for 
these  two  points  were  used  for  calculating  the 
liquid  limit  from  the  revised  chart  (fig.  2). 

To  compare  the  accuracy  of  these  results 
with  those  obtained  by  the  standard  test 
method,  the  data  were  subdivided  according  to 
their  liquid  limit  values  into  six  groups.  The 
first  group  was  terminated  at  25  since  that  is 
the  maximum  liquid  limit  allowed  for  base- 
course  materials  by  the  AASHO  standard 
specifications,  and  it  is  also  the  upper  limit  for 
A-l  soils  in  the  AASHO  system  of  soil  classifi- 
cation.6 

The  second  group  was  terminated  at  40. 
the  maximum  liquid  limit  for  A-4  and  A-fi 
soil  groups  in  the  AASHO  system  of  soil  classi- 
fication. The  liquid  limit  values  above  40 
were  arbitrarily  subdivided  into  four  15-point. 
ranges.  A  tabulation  of  the  deviations  of  759 
liquid  limit  values  calculated  by  the  chart 
method  from  those  determined  by  the  AASHO 
standard  mechanical  method  is  shown  in  table 
2.  Since  the  groups  do  not  contain  the  same 
number  of  tests,  the  frequencies  of  the  devia- 
tions, column  4,  are  expressed  in  the  form  of 
percentages  to  facilitate  comparisons. 

»  Standard  recommended  practice  for  the  classification  of  soili 
and  soil-aggregate  mixtures  for  highway  construction  purposes, 
AASHO  designation  M  145-19.  Standard  Specifications  for 
Highway  Materials  and  Methods  of  Sampling  and  Testing, 
part  I,  6th  ed.,  p.  29.  Published  by  the  American  Associa- 
tion of  State  Highway  Officials,  1950. 
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Figure  2. — Multicurve  chart  developed  by  Washington  State  Department  of  Highways  for  calculation  of  the  liquid  limit. 


These  data,  obtained  for  364  soil  samples 
tested  by  the  Bureau  of  Public  Roads,  show  a 
range  in  deviations  from  the  standard  values  of 
0  to  about  2  percentage  points.  This  range  of 
deviations  compares  quite  favorably  with  the 
range  0  to  1.8  reported  by  Cooper  and  Johnson 
for  test  data  obtained  for  73  soil  samples  taken 
from  the  State  of  Washington. 

Slide-Rule  Method  Developed 

The  investigation  of  the  accuracy  of  the 
chart  method  for  calculation  of  the  liquid  limit 
suggested  the  possibility  of  eliminating  the  use 
of  the  chart  by  the  development  of  a  special 
scale  which  could  be  inscribed  on  a  slide  rule. 

This  was  accomplished  by  deriving  an  equa- 
tion for  the  family  of  typical  curves  used  by 
Cooper  and  Johnson  in  the  preparation  of 
their  chart.  A  study  of  the  typical  curves  in 
figure  1  indicated  a  point  of  convergence  near 
the  zero  moisture  content  axis,  and  while  it 
would  be  possible  to  derive  an  equation  for 
such  a  family  of  curves,  the  problem  was 
simplified  by  arbitrarily  moving  the  point  of 


convergence  to  the  zero  axis.  This  point  is  so 
far  from  the  25-blow  line  that  the  consequent 
changes  in  the  slopes  of  the  flow  curves  are 
negligible  within  the  17-36  blow  range  used. 
The  formula  derived  for  this  new  family  of 
curves  is: 


LL  = 


W 


1.419-0.3  log  S 


where 

LL  =liquid  limit. 
)S=number  of  blows  (or  shocks)  required 
to  close  the  groove. 
W= percentage  of  moisture  contained  by 
the  soil  when  S  blows  close  the  groove. 
The   use  of  this  formula  is   facilitated   by 
computing  a  table  of  the  denominator  (1.419  — 
0.3  log  S)  for  different  values  of  S,  as  shown  in 
table  3.     The  liquid  limit  for  any  moisture 
content  at  groove  closure  between  15  and  40 
blows  is  obtained  by  dividing  the  percentage 
of  moisture  by  the  value  of  the  denominator  in 
table  3  corresponding  to  the  number  of  blows 
required  to  close  the  groove. 


A  more  convenient  method  for  using  the 
formula  and  the  data  in  table  3  is  to  inscribe 
a  special  scale  in  the  space  below  the  B  scaler 
of  a  slide  rule  to  indicate  the  number  of  blows 
required  for  groove  closure  corresponding  to 
the  values  of  the  denominator  of  the  formula. 
Figure  4A  shows  a  section  of  a  20-inch  poly- 
phase slide  rule  with  this  special  scale  in- 
scribed for  the  number  of  blows  between  15 
and  40.  A  study  of  this  special  scale  with 
respect  to  the  normal  B  scale  of  the  slide  rule 
shows  that  it  is  constructed  by  making  a  mark 
below  the  B  scale  of  the  slide  rule  for  each 
value  of  the  denominator  of  the  formula. 
For  example,  the  20-blow  mark  on  the  special 
scale  corresponds  to  a  B  scale  reading  of  1.029, 
the  25-blow  mark  to  a  value  of  1.000  (the 
midpoint  of  the  B  scale),  the  30-blow  mark 
to  a  reading  of  0.976,  etc. 

The  calculation  of  the  liquid  limit  by  the 
slide-rule  method  is  easily  made  by  setting 
the  indicator  line  over  the  percentage  of 
moisture  found  in  the  soil  sample  on  the  A 
scale  of  the  slide  rule  and  adjusting  the  slide 
so  that  the  corresponding  number  of  blows 
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?igure  3. — Number  and  distribution  of  soil  samples  used  in  testing  the  relation  between 
the  one-point  liquid  limit  tests  and  the  AASHO  standard  method. 


in  the  special  scale  coincides  with  the  indicator 
ine.  With  this  setting  of  the  slide  rule,  the 
iquid  limit  is  read  on  the  A  scale  above  the 
•nd  index  of  the  B  scale,  or  on  the  A  scale 
lirectly  above  the  25-blow  mark  on  the 
pecial  scale. 

In  the  example  shown  in  figure  4B,  20 
)lows  were  required  to  close  the  groove  and 
he  corresponding  moisture  content  was  21.4 
>ercent.  The  calculated  liquid  limit,  shown 
m  the  A  scale  above  the  end  index  of  the  B 
^cale,  is  20.8. 

Comparison  of  Two  Methods 

The  reproducibility  of  the  slide-rule  method 
vas  checked  against  the  standard  method  for 
he  same  data  that  were  used  to  check  the 
■evised  chart  method  developed  by  Cooper 
tnd  Johnson  (see  table  2,  fourth  column). 
The  percentage  frequency  for  the  same  devia- 


tions is  shown  in  the  last  column  of  table  2, 
so  that  comparisons  can  be  made  with  the 
chart  method.  Figure  5  provides  a  graphic 
comparison  of  the  accuracy  of  the  slide-rule 
method  and  the  revised  chart  method  for  the 
ranges  of  liquid  limits  selected  for  this  study. 
The  number  of  tests  deviating  by  ±0,  ±1, 
and  ±2  percentage  points  from  the  liquid 
limits  determined  by  the  AASHO  standard 
method  is  expressed  on  a  percentage  basis  to 
facilitate  the  comparison  of  the  accuracy  of 
the  two  methods. 

It  is  shown  by  these  comparisons  that, 
within  the  range  of  liquid  limits  most  generally 
encountered,  the  chart  and  slide-rule  methods 
may  deviate  from  correct  values  by  as  much 
as  2  percentage  points.  Therefore  it  is  con- 
cluded that  dependence  should  not  be  placed 
on  results  obtained  by  the  chart  or  slide-rule 
methods  for  the  acceptance  or  rejection  of 
materials  when  the  liquid  limit  as  determined 
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A-  LOCATION  OF  SPECIAL  SCALE  (BLOWS)  WITH  RESPECT  TO  B  SCALE  OF  SLIDE  RULE 
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B-  SLIDE  RULE  SET  FOR  21.4  PERCENT  MOISTURE  AT  20  BLOWS,  INDICATING 
CALCULATED  LIQUID  LIMIT  OF   20.8 
Figure  4.— Slide  rule  with  special  scale  for  the  calculation  of  liquid  limit. 
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by  either  of  these  methods  is  within  2  per- 
centage points  of  the  specification  limits. 

The  data  in  figure  5  show  that  for  the  liquid 
limit  range  of  15  to  40,  over  75  percent  of  the 
calculated  values  for  both  methods  are  within 
±  1  percentage  point  and  practically  all  are 
within  «£  2  points  of  the  values  determined  by 
the  standard  test  procedure. 

However,  for  the  acceptance  or  rejection  of 
soil-aggregate  materials  based  on  a  specifica- 
tion having  a  maximum  liquid  limit  of  25,  a 
deviation  of  +0.5  percentage  point  from  that 
value,  or  2  percent  of  25,  is  the  maximum  that 
can  be  permitted.  In  order  to  provide  this 
accuracy,  the  one-point  method  needed  fur- 
ther improvement.  It  was  thought  that  this 
could  be  accomplished  if  the  range  of  blows 
for  groove  closure  was  decreased. 

Accuracy  of  Methods  Improved 

A  statistical  analysis  was  made  of  the  test 
data  to  determine  the  range  in  number  of 
blows  for  groove  closure  which  would  give 
results  within  2  percent  of  those  obtained  by 
the  AASHO  standard  method.  The  results 
of  this  analysis  are  shown  in  table  4  and  a 
study  of  these  data  indicates  that  the  desired 
level  of  accuracy  can  be  accomplished  by 
narrowing  the  range  of  the  acceptable  number 
of  blows  for  groove  closure  from  17-36  to 
22-28. 

Three  ranges  in  number  of  blows  for  groove 
closure,  29-35,  22-28,  and  17-21  are  indicated 
in  table  4  to  show  the  reproducibility  obtained 
by  chart  and  slide  rule  methods  for  six  ranges 
in  liquid  limit.  The  number  of  tests  studied 
in  each  of  these  ranges  is  also  shown.  To 
facilitate  comparison  of  the  accuracy  of  the 

Table  2. — Frequencies  of  different  size  devi- 
ations of  liquid  limits  derived  by  chart 
and  slide-rule  methods  from  those  ob- 
tained by  the  AASHO  standard  method 


Range  of 
liquid 
limit 

Number 
of 
one- 
point 
tests 

Devia- 
tion i 
from 
AASHO 
standard 

Frequency  of 
deviations  of — 

Chart 
method 

Slide- 
rule 
method 

15-25 
26-40 
41-55 
56-70 
71-85 

86-100+ 

171 
209 

129 

82 

94 

74 

Percent- 
age points 

1  s 

II 

1! 
II 
(i 

f      o 
1 

\         2 

3 

I        4 

Percent 

76.6 

23.4 

0 

76.1 
24.4 
.5 
0 

69.0 
27.1 

3.9 

0 

58.6 
40.2 

1.2 

0 

44.7 
47.9 

7.4 
0 

39.2 
37.8 
20.2 

2.7 

0 

Percent 

84.8 
15.2 
0 

77.0 
23.0 

0 

0 

70.6 
27.9 

1.6 

0 

58.6 
40.2 

1.2 

0 

45.7 
48.9 

5.3 

0 

35.2 
43.2 
18.9 

2.7 

0 

i  Deviations  from  the  standard  values,  originally  recorded 
to  the  nearest  tenth  of  a  percentage  point,  are  here  assigned 
to  the  nearest  whole  number. 
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Table  3. — Values  of  the  denominator  of  the 
curve  formula  corresponding  to  the  num- 
ber of  blows  required  for  groove  closure  in 
the  liquid  limit  test 


Table  4. — Comparison  of  accuracy  of  chart  and  slide-rule  methods  ' 


Number 
of  blows 

Denomi- 
nator of 
formula 

Number 
of  blows 

Denomi- 
nator of 
formula 

15 
16 
17 
18 
19 
20 

21 
22 
23 

24 
25 

26 
27 

1.066 
1.059 
1.050 
1.043 
1.036 
1.029 

1.023 
1.017 
1.011 
1.005 
1.000 

.995 
.990 

28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

0.985 
.980 
.976 

.972 
.968 
.964 
.960 
.956 

.952 
.948 
.945 
.942 
.939 

methods  for  each  of  the  three  ranges  in  blows 
for  groove  closure,  the  number  of  cases  having 
less  than  the  indicated  deviations  is  expressed 
on  a  percentage  basis  for  each  of  the  six  ranges 
in  liquid  limit. 

Within  each  of  the  ranges  of  liquid  limit, 
the  number  of  cases  having  less  than  each 
consecutive  larger  deviation  is  expressed  on  a 
cumulative  percentage  basis.  For  example, 
in  the  first  line  of  table  4,  under  the  chart 
method,  for  the  29-35  blow  range  and  with  a 
liquid  limit  range  of  15-25,  the  percentages 
of  test  results  deviating  less  than  0.3,  0.5, 
0.8,  1.1,  etc.,  percentage  points  from  the  true 
values  are  42,  74,  90,  100,  etc.,  respectively. 
The  boldface  values  42  and  74  are  the  per- 
centages of  test  results  deviating  less  than  0.3 
and  0.5  percentage  points,  and  are  therefore 
within  2  percent  of  the  maximum  and  mini- 
mum values  of  liquid  limit  range  of  15-25. 
Similarly,  other  comparative  values  for  any 
designated  range  in  number  of  blows  or  liquid 
limits  can  be  determined  for  either  the  chart 
or  slide-rule  methods. 

A  study  of  these  comparative  data  in  table 
4  clearly  shows  that  the  greatest  degree  of 
accuracy  for  both  methods  is  obtained  in  the 
22-28  blow  range  and  the  least  accuracy 
occurs  in  the  17-21  blow  range.     Within  the 


Range 

Liquid 

Num- 

Frequency of  deviations  from  standard  test  values  (in  cumulative  percentages) 

of  blows 

limit 

ber  of 

Chart  method  deviations  2 

(±)of 

Slide-rule  method  deviations 

2  (±)  Of 

for  tests 

ranges 

tests 



0.3- 

0.5- 

0.8- 

1.1- 

1.4- 

1.7- 

2.0+ 

0.3- 

0.5- 

0.8- 

1.1- 

1.4- 

1.7- 

2.0+ 

15-25 

31 

42 

74 

90 

100 

100 

100 

100 

81 

97 

100 

100 

100 

100 

100 

26-40 

37 

51 

84 

95 

100 

100 

100 

100 

65 

87 

100 

100 

100 

100 

100 

29-35 

41-55 

37 

38 

54 

92 

97 

100 

100 

100 

43 

73 

95 

100 

100 

100 

100 

56-70 

22 

32 

41 

86 

96 

96 

100 

100 

23 

50 

86 

100 

100 

100 

100 

71-85 

31 

23 

29 

61 

81 

90 

97 

100 

23 

36 

74 

87 

97 

97 

100 

86-100+ 

20 

15 

25 

30 

40 

65 

95 

100 

20 

25 

35 

50 

70 

85 

100 

115-25 

34 

88 

100 

100 

100 

100 

100 

100 

91 

100 

100 

100 

100 

100 

100 

26-40 

27 

85 

100 

100 

100 

100 

100 

100 

93 

100 

100 

100 

100 

100 

100 

22-28 

41-55 

23 

65 

91 

100 

100 

100 

100 

100 

65 

96 

100 

100 

100 

100 

100 

56-70 

13 

62 

92 

100 

100 

100 

100 

100 

69 

82 

100 

100 

100 

100 

100 

71-85 

28 

68 

82 

96 

96 

100 

100 

100 

82 

96 

100 

100 

100 

100 

100 

86-100+ 

20 

30 

45 

85 

85 

95 

100 

100 

35 

45 

70 

85 

95 

100 

100 

fl5-25 

37 

51 

81 

97 

97 

100 

100 

100 

73 

95 

97 

100 

100 

100 

100 

26-40 

43 

56 

77 

100 

100 

100 

100 

100 

58 

84 

98 

100 

100 

100 

100 

41-55 

25 

52 

80 

88 

96 

100 

100 

100 

40 

68 

84 

88 

96 

100 

100 

56-70 

22 

36 

50 

73 

91 

100 

100 

100 

36 

50 

68 

82 

91 

100 

100 

71-85 

29 

38 

41 

66 

86 

93 

93 

100 

38 

59 

69 

90 

93 

93 

100 

186-100+ 

22 

9 

23 

41 

50 

64 

73 

100 

9 

18 

36 

46 

55 

59 

100 

i  Pairs  of  boldface  values  are  the  percentages  of  tests  with  deviations  from  standard  test  values  less  than  2  percent  of  the 
minimum  and  maximum  liquid  limit  ranges  shown. 
2  Deviations  in  percentage  points. 


22-28  blow  range  there  are  no  test  values  (see 
boldface  results  in  table  4)  calculated  by  either 
the  chart  or  the  slide-rule  methods  which 
exceed  the  maximum  deviations  based  upon 
2-percent  limit  of  error  in  the  liquid  limit 
values  determined  by  the  AASHO  standard 
method.  The  only  exception  was  the  devia- 
tion of  less  than  0.3  (which  is  2  percent  of  the 
minimum  value  15  in  the  15-25  liquid  limit 
range)  which  shows  88  percent  for  the  chart 
method  and  91  percent  for  the  slide-rule 
method.  This  is  insignificant,  however,  since 
it  is  the  usual  practice  to  report  the  liquid 
limit  value  to  the  nearest  whole  number. 
For  this  reason,  the  22-28  blow  range  was 
selected  as  the  limit  to  be  used  to  obtain  test 
results  meeting  the  tolerance  specified. 

Acceptability  of  Methods 

Thus,  on  the  basis  of  the  data  obtained  in 
this  investigation,  both  the  chart  and  slide- 
rule  methods  should  be  acceptable  as  alter- 
nates for  the  standard  methods  provided  (1) 
that  procedure  for  the  preparation  of  the  soil 


pat  for  test  be  that  prescribed  for  the  AASHO 
standard  method,  (2)  that  the  acceptable  num- 
ber of  blows  for  groove  closure  be  within  the 
22-28  blow  range,  and  (3)  that  at  least  two 
consecutive  closures  be  observed  before  se- 
lecting the  moisture  sample  for  calculation  of 
the  liquid  limit. 

Under  these  conditions,  the  results  of  the 
slide-rule  method  have  been  consistently 
checked  with  those  obtained  by  the  AASHO 
standard  method  in  the  Bureau  of  Public 
Roads  laboratory  for  more  than  2  years. 
There  appears  to  be  no  difficulty  for  techni- 
cians in  the  adjustment  of  the  consistency 
within  the  22-28  blow  range. 

It  is  suggested  that  other  laboratories  make 
similar  comparative  check  studies,  using  local 
soils,  to  determine  whether  the  accuracy  of 
this  improved  one-point  method  of  calcula- 
tion can  be  established  for  a  range  of  condi- 
tions even  wider  than  those  included  in  this 
study.  If  comparable  accuracy  is  obtained 
by  these  proposed  check  tests,  it  would  war- 
rant the  use  of  this  method  as  a  standard 
AASHO  and  ASTM  method. 
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In  the  particle-size  analysis  of  soils,  mechanical  agitation  and  the  physico- 
chemical  action  of  a  dispersing  agent  are  employed  to  disperse  a  soil  sample  in 
water  and  prepare  a  suspension  for  subsequent  determination  of  particle  size- 
groups  by  sedimentation  techniques.  The  dispersing  agent  fulfills  ttvofunctions 
vital  to  the  accuracy  of  the  analysis:  it  assists  the  mechanical  treatment  in  the 
initial  separation  of  naturally  cemented  or  aggregated  prime  particles,  and  it 
provides  conditions  for  normal  sedimentation  in  the  suspension  during  the  test 
period  by  preventing  flocculation  {or  other  interfering  effects)  of  the  dispersed 
particles. 

Since  their  introduction  to  analytical  procedures  a  few  decades  ago,  many 
different  types  of  chemical  dispersing  agents  have  been  employed,  with  varying 
results.  At  present,  sodium  melasilicate  is  widely  used  in  soil  testing  for  engi- 
neering purposes,  and  sodium  hexametaphosphate,  sodium  hydroxide,  and 
sodium  carbonate  are  among  those  used  for  agricultural  soils.  However,  the 
reported  results  of  numerous  studies  do  not  afford  a  clear  evaluation  of  effective- 
ness because  of  the  lack  of  consistency  in  methods  and  techniques  and, 
frequently,  the  narrow  scope  of  experimental  soils  and  dispersants.  The  inves- 
tigation reported  here  was  undertaken  to  provide  this  needed  evaluation. 

A  large  group  of  dispersing  agents  representing  a  wide  range  of  chemical 
properties  were  tested  with  a  broad  selection  of  soils  under  closely  controlled 
conditions  of  analysis.  The  resulting  data  showed  sodium  metasilicate  to  be 
relatively  ineffectual  in  the  dispersion  of  several  soils  and  not  suitable  for  general 
use.  Several  others,  such  as  the  carbonate,  hydroxide,  and  oxahite  of  sodium, 
produced  a  high  degree  of  dispersion  with  a  few  soils,  but  failed  to  stabilize  the 
suspensions  of  others.  Sodium  polyphos  and  sodium  tripolyphosphate  were 
highly  and  about  equally  effective  for  all  of  the  experimental  soils  representing 
many  of  the  great  soil  groups  of  continen tal  United  States.  Two  others,  sodium 
hexametaphosphate  and  sodium  tetraphosphate,  were  only  slightly  less  so. 
However,  none  of  these  four  phosphates  was  effective  with  laterite,  a  soil  of  the 
tropics.  Conversely,  this  soil  uas  highly  dispersed  by  trisodium  phosphate  and 
tetrasodium  pyrophosphate,  which  were  generally  ineffective  with  members  of 
the  other  soil  groups. 


"T)ARTICLE-SIZE  or  mechanical  analysis  is 
JT  one  of  the  oldest  and  most  valuable  test 
methods  applied  to  soil  materials.  Its  pur- 
pose is  to  determine  the  quantitative  distribu- 
tion of  prime  particles  in  several  selected  size- 
groups  or  separates,  such  as  sand,  silt,  and 
clay.  The  resulting  particle-size  distribution 
data  have  long  been  used  to  characterize  the 
physical  makeup  or  texture  of  soils  and  have 
been  especially  important  in  soil  classification 
for  highway  and  other  purposes. 

Although  details  of  analytical  procedures 
vary  considerably  among  different  investi- 
gators, a  required  feature  of  all  methods  for 
particle-size  analysis  is  the  dispersion  of  the 
soil  sample.  A  satisfactory  dispersion  re- 
quires complete  separation  of  the  prime 
\  particles  of  the  soil  or  the  reduction  of  agglom- 
erates to  sizes  not  larger  than  those  of  the 
smallest    size-group    to    be    determined,    and 
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maintenance  of  the  resulting  soil  suspension 
in  a  condition  satisfactory  for  subsequent 
particle-size  determinations.  In  methods  now 
in  general  use,  dispersion  is  accomplished  by 
mechanical  agitation  of  a  soil-water  mixture, 
in  conjunction  with  an  added  chemical  dis- 
persing agent.  Silt-  and  clay-size  groups  are 
determined  from  the  resulting  soil-water 
suspension  by  sedimentation  techniques  in- 
volving either  hydrometer  readings  or  pipet- 
ting and  drying  of  aliquots.  Sand  groups 
are  determined  by  standard  sieving  techniques. 
The  accuracy  of  the  analysis  is  strongly 
affected  by  the  degree  to  which  the  mechanical 
agitation  and  the  dispersing  agent  satisfy  the 
above  two  requirements.  Mechanical  dis- 
persion is  accomplished  by  stirring  or  shaking 
the  soil-water  mixture  and,  for  this  purpose,  a 
high-speed  motor-driven  stirrer  has  been 
widely    used    in    soil    laboratories    for    many 


years.  A  more  recently  developed  air-jet 
device  (12)1  has  been  shown  to  produce  an 
even  more  complete  dispersion  and  also  to 
minimize  the  attrition  of  prime  particles 
which  may  occur  with  even  a  brief  treatment 
with  the  motor-driven  stirrer.  The  use  of 
either  device  is  now  optional  in  AASHO 
method  T  88-49  (1). 

Purpose  of  Investigation 

The  investigation  reported  here  was 
primarily  concerned  with  the  second  require- 
ment, or  chemical  phase,  which  has  been  far 
less  well  resolved.  This  concerns  the  physico- 
chemical  activity  of  the  dispersing  agent  in 
the  soil-water  mixture,  which  assists  in  the 
initial  mechanical  dispersion  but  is  more  par- 
ticularly required  for  the  maintenance  of  the 
resulting  suspension.  The  problems  involved 
in  tljis  part  of  the  dispersion  process  result 
from  inorganic  and  organic  substances  of  clay 
and  colloidal  sizes.  These  adhere  to  and  bind 
each  other,  as  well  as  some  of  the  larger  parti- 
cles, more  or  less  firmly  into  aggregate  struc- 
tures which  resist  separation.  In  most  high- 
way soil  materials,  the  clay  and  colloidal 
particles  are  largely  inorganic  in  nature  and 
consist  chiefly  of  minute  crystallites  of  one  or 
more  members  of  the  clay  mineral  group.  The 
crystal  structures  contain  an  excess  of  negative 
charges  which  attract  positively  charged  ions 
such  as  H+,  Ca++,  and  Na+.  These,  in  turn, 
influence  the  tendency  of  the  clay  particles 
either  to  be  dispersed  or  to  remain  in  aggre- 
gates or  floccules.  The  hydrogen  and  calcium 
forms  of  clays  resist  dispersion,  whereas  the 
particles  of  sodium  clays  are  separated  with 
relative  ease. 

Further,  a  dispersed  suspension  of  soil  parti- 
cles in  water  may  manifest  colloidal  properties 
such  as  gelation  (syneresis)  or  coagulation  and 
flocculation.  Coagulation  and  flocculation 
hasten  particle  sedimentation,  and  gelation 
retards  it.  In  the  first  case,  hydrometer  read- 
ings made  in  the  soil  suspension  for  particle- 
size  measurements  yield  low  results  for  the 
finer  particles,  and  the  analysis  makes  the 
soil  appear  coarser  than  it  actually  is;  in  the 
second,  the  reverse  is  true. 

Most  dispersing  agents  provide  sodium  ions 
to  replace  the  flocculating  cations  from  the 

1  Italic  numbers  in  parentheses  refer  to  the  list  of  references 
on  page  62. 
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soil  clay,  and  anions  such  as  hydroxyl,  oxalate, 
carbonate,  phosphate,  or  silicate  to  inactivate 
the  replaced  cations.  Or,  if  instead  of  an 
electrolyte,  a  lyocratic  (protective)  colloid 
such  as  gum  acacia  is  used,  dispersion  may  be 
aided  and  the  suspension  maintained  by  the 
action  of  the  colloid  in  forming  protective 
layers  around  the  clay  particles.  As  often 
happens  in  practice,  the  dispersing  agent  may 
fail  to  provide  these  effects,  with  the  result 
that  particle  sedimentation  is  interfered  with 
and  measurements  of  the  silt  and  clay  frac- 
tions are  invalidated. 

In  the  long  history  of  particle-size  analysis, 
many  different  chemical  dispersants  have  been 
used  with  varying  success  and  acceptance. 
Among  the  more  common  are  ammonium 
hydroxide  and  the  carbonate,  oxalate,  and 
hydroxide  of  sodium.  Sodium  hexametaphos- 
phate  is  now  widely  used  with  agricultural 
soils  (7,  11)  and  AASHO  method  T  88-49  (1) 
specifies  sodium  metasilicate.  The  extensive 
literature  reveals  the  extreme  variability  under 
which  analyses  have  been  made,  the  variations 
including  experimental  procedures  and  appara- 
tus, types  and  concentrations  of  electrolytes, 
types  and  amounts  of  soils,  and  pretreatments 
of  samples  for  removal  of  organic  matter, 
soluble  salts,  or  exchangeable  bases.  Rarely 
are  comparative  data  presented  for  more  than 
one  or  two  dispersing  agents,  and  the  soils 
studied  are  usually  severely  limited  in  number 
and  variety.  Thus,  for  the  most  part,  the 
literature  reveals  an  inadequate  testing  and 
evaluation  of  dispersing  agents  with  regard  to 
degree  of  dispersion  obtained  and  to  suitability 
for  use  with  a  wide  variety  of  soils.  It  can 
only  be  concluded  that,  in  general,  the  several 
dispersing  agents  used  in  the  past  vary  con- 
siderably in  both  respects.  Some  are  of 
severely  limited  value  and  none  has  been 
found  suitable  for  use  with  all  soils. 

Summary  and  Conclusions 

This  report  presents  the  principal  findings  of 
a  study  designed  to  evaluate  the  effectiveness 
of  a  large  group  of  dispersing  agents  with  a 
wide  variety  of  soils  under  closely  controlled 
conditions  of  analysis.  For  purposes  of  com- 
parison, data  obtained  by  the  use  of  AASHO 
method  T  88-49  are  also  presented.  The 
criterion  adopted  for  the  degree  of  dispersion 
obtained  is  the  percentage  value  for  the  size- 
group  of  particles  having  a  diameter  of  1 
micron  (0.001  mm.)  or  less.  This  is  deter- 
mined from  the  24-hour  hydrometer  reading 
and  is  termed  the  "dispersion  value."  This 
size-group  was  selected  because  it  is  the  small- 
est now  determined  in  particle-size  analyses 
for  highway  purposes.  Further,  its  upper- 
limit  is  well  below  the  2-micron  value  com- 
monly accepted  for  the  clay  fraction. 

Nineteen  chemical  dispersing  agents  were 
tested  to  determine  their  effectiveness  in  the 
dispersion  of  soils  and  the  stabilization  of  soil 
suspensions  for  particle-size  analysis.  Dis- 
persions were  made  in  an  air-jet  dispersion 
cup  and  with  a  high-speed  motor  stirrer.  In 
all,  14  soils  and  2  clay  minerals  were  tested. 
Both  soils  and  dispersing  agents  were  selected 
to   include   a  wide   range   of  properties   and 
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conditions  of  the  respective  materials.  In  all 
tests,  complete  particle-size  analyses  were 
made  and  the  usual  size-groups  were  deter- 
mined by  the  hydrometer  method  and  with 
standard  sieves.  Except  for  variations  in 
kind  and  amount  of  dispersant,  details  of  the 
analyses  conformed  to  the  standard  AASHO 
method  T  88-49  (1).  Sodium  metasilicate, 
of  the  AASHO  method,  was  among  the 
dispersants  tested.  Principal  findings  and 
conclusions  from  the  investigation  are  as 
follows: 

Thirteen  of  the  dispersing  agents  were  found 
to  be  generally  unsatisfactory.  Several  failed 
to  stabilize  the  suspensions  of  one  or  more 
soils,  others  frequently  produced  low  disper- 
sion values,  and  some  were  ineffective  in  both 
respects. 

Sodium  metasilicate  was  among  the  less 
satisfactory  dispersants.  Although  it  failed 
to  stabilize  the  suspension  of  only  one  soil, 
many  of  its  dispersion  values  were  seriously 
low.  Its  use  as  a  general  soil  dispersing  agent 
should  be  discouraged. 

Widely  effective  dispersing  agents  were 
found  only  among  the  phosphate  materials. 
Two  of  these,  sodium  polyphos  and  sodium 
tripolyphosphate,  were  highly  effective  with 
all  soils  except  one,  a  laterite.  Sodium 
hexametaphosphate  and  sodium  tetraphos- 
phate  were  only  slightly  less  effective. 

The  highest  dispersion  values  for  a  laterite 
soil  were  obtained  with  trisodium  phosphate 
and  tetrasodium  pyrophosphate.  For  most 
other  soils,  however,  the  first  was  unsatis- 
factory and  the  second  produced  dispersion 
values  that  were  only  moderately  high. 


From  the  standpoint  of  special  groupings 
such  as  podzolic,  illitic,  kaolinitic,  and  mont- 
morillonitic  soils,  the  four  phosphates  noted 
in  the  second  paragraph  above  were  consist-! 
ently  highly  effective,  though  their  relative 
ratings  varied  somewhat  among  the  groups 
For  general  use,  sodium  polyphos  is  rated 
best  and  sodium  tripolyphosphate  is  a  close 
second.  Their  unsuitability  for  the  dispersior 
of  a  true  laterite  soil  does  not  extend  to  related 
partially  laterized  soils. 

Materials  Studied 


The  19  dispersing  agents  selected  for  this 
experimental  study  are  listed  in  table  1 
divided  among  seven  subgroups  according  tc 
chemical  composition.  These  include  mosl 
of  the  materials  which  have  been  widely  used 
for  soil  dispersion.  A  few  of  the  phosphates 
are  new  to  soil  testing,  and  others  such  as 
Lomar  PW  and  Marasperse  CB  have  not  beer 
employed  with  soils  but  are  finding  applicatior 
as  industrial  dispersing  agents. 

With  a  few  exceptions,  the  chemical  reagenl 
grade   of   each   material   was   used.     Sodiurr  * 
tripolyphosphate  and  sodium  polyphos  were 


of  technical  grade  and  gum  acacia  and  gurr  *' 
ghatti  were  of  pharmaceutical  quality.  Al- 
though the  grade  of  Marasperse  CB  is  nol 
known,  its  manufacturer  has  stated  that  it  i> 
a  highly  purified  product.  All  are  readilj 
available  at  a  cost  not  too  high  to  prohibii 
their  use  in  routine  laboratory  work. 

The  soils  chosen  for  analysis  are  listed  ane 
described  in  table  2.  In  addition  to  the  soi 
names,  when  known,  their  liquid  and  plastii 
limits  and  classifications,  as  derived  from  th< 
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Table  1. — Experimental  dispersing  agents 


Dispersing  agent 

Stock  solution 

Type  of  reaction 

Iden- 
tifica- 
tion 

Name 

Formula 

Concen- 
tration 

Grams 
per 
liter 

A 

Sodium     metasilicate      (sodium 
silicate). 

Na2SiOs9H20 

0.4N 

56.8 

Supplies  dispersive  cation  and 
alkaline  reaction.  Hydrolyzes 
to  silicic  acid  which  acts  as 
protective  colloid  (4)  and  pre- 
cipitates Ca  and  Mg. 

B 
C 
D 
E 
F 
G 
H 

Sodium  hexametaphosphate  '..    . 

Trisodium  phosphate . 

Tetrasodium  pyrophosphate 

Sodium  tripolyphosphate  2 - 

Sodium  tetraphosphate  3     

NaPOsor  (NaPOsH.- 

Na3PO(.12H20 

Na4P2O7.10  H20 

Na5P3Oio    - 

0.4N 
0.4N 
0.4N 
0.4^ 
0.4N 
0.4N 
0.4N 

40.8 
50.7 
44.6 
29.4 
31.3 
36.1 
38.6 

Forms  soluble  undissociated 
complexes  with  many  cations 
and  prevents  flocculation  ef- 
fects. Also  supplies  a  dis- 
persive cation. 

NaeP40i3 

Sodium  polyphos  2  ....         ^ 

NaisPioCbi--   -     .  . 

Vietamide -     - 

0) 

I 
J 
K 

Sodium  oxalate.- 

Lithium  oxalate ...  ... 

Ammonium  oxalate  ..     ...... 

Na2C20< 

0.  4N 
0.  4N 
0.4N 

26.8 
20.4 
28.4 

Oxalate  ion  precipitates  Ca  and 
Mg.  Supplies  dispersive 
cation. 

L12C2O4 

(NH4)2C204.  H2O 

L 

M 

Sodium  hydroxide    .. 

NaOH 

0.  4N 
0.  4N 

16.0 
9.6 

Supplies  dispersive  cation  and 
alkaline  reaction. 

Lithium  hydroxide 

LiOII 

N 
0 

Sodium  carbonate        .  .     

Na2C03  .. 

0.4N 
0.1N 

21.2 
3.7 

Supplies  dispersive  cation  and 
alkaline  reaction. 

Lithium  carbonate .. 

L12CO3 

P 

Q 

Gum  acacia..   .  ...      .     .  ._     . 

Gum  ghatti .........     . 

Complex  colloidal 

polysaccharide. 
..      do 

0. 13% 
0.13% 

1.3 
1.3 

Prevents  coalescence  of  particles 
by  providing  protective  hydra- 
tion layer. 

R 

s 

Lomar  PW ..  .      _ 

Marasperse  CB 

Complex  sulfonate  s... 
Complex  sulfonate  •_-- 

0.4N 
0. 33% 

95.3 
3.3 

Produces  repelling  negative 
charges  on  suspended  particles. 

'  Calgon,  buffered  with  Na2C03. 

2  Sodium  tripolyphosphate  and  sodium  polyphos  are  products  of  the  fusion  of  various  combinations  of  phosphates,  pur 
chased  from  Blockson  Chemical  Co.,  Joliet,  111. 

3  Sodium  tetraphosphate  is  sold  under  the  name  of  Quadrafos  by  Rumford  Chemical  Works,  Rumford,  N.  J. 

1  Vietamide  is  an  ammonium  amido-polvphosphate  furnished  by  the  Victor  Chemical  Works,  Chicago,  111.  Its  exact 
formula  has  not  been  released  but  (NH4)2P204  NH.NHPsOifNHdi  was  used  to  calculate  the  weight  needed  for  a  0.4N  stocl' 
solution. 

1  Lomar  PW  is  the  sodium  salt  of  a  condensed  mono-naphthalene  sulfonic  acid,  furnished  by  Jaques  &  Co.,  Passaic,  N.  J 
The  formula  (CioH6S03NaCH2)2.CioH6S03Na  was  used  to  calculate  the  weight  needed  for  a  0.4N  stock  solution. 

8  Marasperse  CB  is  an  indefinite  mixture  of  partially  desulfonated  sodium  lignosulfonates  furnished  by  the  Marathoii 
Corp.,  Rothschild,  Wis. 
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Table  2. — Experimental  soils 


Soil 
No. 


Series  name 


Iredell 

Cecil - 

Tenn.  I ' 

Tenn.  II  «„_ 

Sharkey 

Nipe~ 

Miami 

Washo  ' 

Houston 

Yazoo 

Wabash 

Salt  Flat  I  i. 
Salt  Flat  II  ' 
Putnam 

Benton  ite 

Kaolin 


Soil  group 


Yellow  pod  zolie 

Red  podzolic 

Red  podzolic 

Yellow  podzolic 

Alluvium  from  podzolic  materials. 
Laterite 

Gray-brown  podzolic 

Lake  sediment  in  arid  climate 

Rendzina  (blackland) 

Alluvium  of  lower  Miss.  Valley.. 

Alluvium  of  Miss.  Delta 

Alkali  (high  Na2SO() 

Alkali  (high  NaCl) 

Planosol  (clay  layer  accumula- 
tion). 
Clay  mineral  montmorillonite. .. 
Clay  mineral  kaolinite _.. 


Geographical  source 


Fairfax  Co.,  Va 

Lee  Co.,  Ala _ 

Sevier  Co.,  Tenn 

Sevier  Co.,  Tenn 

Knox  Co.,  Ind 

Mayagues,  P.  R 

Tippecanoe  Co.,  Ind 
Oneida  Co.,  Idaho. . 

Delta  Co.,  Tex 

Hinds  Co.,  Miss 

Madison  Parish,  La. 

Lyon  Co.,  Nev 

Churchill  Co.,  Nev. 
Missouri 

Wyoming 

Georgia __. 


Liquid 
limit 


63 
37 
38 
47 
44 
33 
35 
54 
91 
68 
58 
23 
50 

347 
49 


Plas- 
ticity 
index 


62 
22 


24 
13 
18 

9 
32 
65 
40 
35 

8 
30 

303 
15 


pH 
(1-1 
mix) 


5.7 
4.7 
5.1 
4.9 
6.7 
4.9 
7.6 
7.8 
7.0 
7.8 
6.7 
8.6 
9.4 
6.5 


HRB  classifi- 
cation and 
group  Index 


A-7-fi(20) 

A-7-5(16) 

A-4(6) 

A-4(6) 

A-7-6(15) 

A-7-5(10) 

A-6(10) 

A-4(8) 

A-7-6(19) 

A-7-6(20) 

A-7-6(20) 

A-7-6(20) 

A-4(8) 

A-7-6(18) 

A-7-5(20) 
A-7-5(12) 


1  Series  name  not  known;  soil  occurs  in  unmapped  area. 

imit  values  and  the  percentages  passing  the 
\To.  40  and  No.  200  sieves,  are  given  as  further 
lescriptive  information.  All  of  the  samples 
,re  from  the  B  or  C  horizons,  since  this  is  the 
>art  of  the  soil  profile  usually  used  in  highway 
onstruction. 

The  soils  selected  represent  a  fairly  wide 
ange  of  genetical  conditions  and  include 
members  of  many  of  the  great  soil  groups  of 
he  world.  Only  one  of  the  samples,  Nipe 
No.  6),  is  from  outside  the  United  States. 
This  is  a  true  laterite,  a  soil  group  common  to 
he  tropics  but  not  found  in  this  country. 
Two  clay  mineral  samples,  a  bentonite  and  a 
:aolin  (Nos.  15  and  16),  were  included  for 
esting  since  they  are  relatively  pure  examples 
if  two  of  the  three  chief  clay  mineral  groups 
:ommon  to  soils.  An  illite  sample  was  not 
available  in  sufficient  quantity  for  the  testing 
>f  this  clay  mineral  group  as  such,  but  illite 
iccurs  as  a  major  clay  mineral  constituent  in 
some  of  the  soils  included  in  the  list. 

Samples  were  dispersed  (at  an  air  pressure 
>f  20  p.s.i.  from  a  laboratory  compressed-air 
ine)  with  a  Model  A  air-jet  dispersion  cup 
vhich  has  been  described  in  a  previous  report 
12)  and  approved  for  use  in  AASHO  method 
T  88-49  (1). 

Densities  of  the  soil  suspensions  were  meas- 
lred  with  an  early  model  of  the  streamlined 
Bouyoucos  hydrometer,  calibrated  for.  use  at 
57°  F.  Density  readings  were  corrected  for 
deviations  from  this  temperature  and  for  the 
Dresence  of  the  dispersing  agent. 

Procedure  and  Methods 

Essentially,  the  experimental  work  con- 
sisted of  the  following  tests: 

1.  Soils  1-6  were  dispersed  in  the  air-jet 
iispersion  cup  with  each  of  19  dispersants, 
;vhich  were  added  in  5-  or  10-ml.  increments 
)f  stock  solution  to  replicate  portions  of  each 
soil. 

2.  Soils  7-14  and  the  clay  minerals  (15  and 
16)  were  dispersed  in  the  air-jet  dispersion 
sup  with  a  single  concentration  of  each  of  the 
phosphates. 

3.  Soils  1-14  were  dispersed  with  the  motor 
stirrer  and  sodium  metasilicate  solution. 

For  those  tests  made  by  the  use  of  the  air- 
jet  dispersion  cup,  a  50-g.  portion  of  air-dry 
soil  passing  the  2-mm.  (No.  10)  sieve  was 
soaked  overnight  in  a  beaker  containing  about 

PUBLIC  ROADS  •  Vol.  28,  No.  3 


75  ml.  of  distilled  water.  The  mixture  was 
then  transferred  to  the  dispersion  cup  with 
the  use  of  an  additional  75  ml.  of  water  from 
a  wash  bottle;  the  predetermined  volume  of 
dispersant  stock  solution  was  added ;  and,  with 
the  air-pressure  adjusted  to  20  p.s.i.,  the  mix- 
ture was  dispersed  for  5  minutes  with  soils 
having  a  plasticity  index  of  5  and  less,  10 
minutes  with  those  between  6  and  20,  and  15 
minutes  with  those  greater  than  20.  These 
dispersion  times  were  established  previously 
(12)  from  tests  of  a  large  number  of  soils. 
The  dispersed  mixture  was  then  transferred 
to  a  1,000-ml.  volumetric  cylinder  and  made 
up  to  volume. 

In  accord  with  the  details  of  the  AASHO 
method,  hydrometer  readings  were  made  in 
the  suspension  at  2-,  60-,  and  1,440-minute 
intervals  for  the  silt,  clay,  and  "colloid"  size- 
groups  and  the  mixture  was  then  passed 
through  standard  sieves  for  separation  of  the 
sand  groups.  Sediment  volumes  were  recorded 
at  the  time  of  the  hydrometer  readings  and  the 
suspensions  were  examined  visually  for  evi- 
dence of  flocculation  or  other  interfering 
effects.  Measurements  of  pH  were  obtained 
for  each  soil  (1-1  soil-water  mixture),  dis- 
persant solution,  and  soil-water-dispersant 
mixture,  using  a  glass  electrode  and  a  Beckman 
Model  G  pH  meter. 

For  the  tests  made  with  the  motor  stirrer, 
the  mixture  was  given  a  1-minute  dispersion 


in  the  prescribed  cup  of  this  device  with  20  ml. 
of  a  3°  Baum6  (approximately  0.2N)  sodium 
metasilicate  solution.  Otherwise,  the  details 
of  the  analysis  were  the  same  as  those  given 
above. 

Stock  solutions  of  those  dispersing  agents 
having  a  definite  chemical  formula  were  0.4N, 
except  that  of  lithium  carbonate,  which  was 
limited  to  0.1N  by  low  solubility.  Those  of 
the  gums  were  0.13  percent  and  that  of 
Marasperse  CB  was  0.33  percent,  by  weight. 
Weights  used  for  a  liter  of  stock  solution  are 
shown  in  table  1.  The  volumes  used  in  indi- 
vidual tests  ranged  from  5  ml.  to  a  maximum 
at  which  no  further  increase  in  dispersion  was 
measured. 

Evaluation  of  Dispersants 

Although  percentage  values  of  the  usual 
size-groups  were  determined  in  all  of  the  tests, 
the  present  report  is  chiefly  concerned  with 
those  of  the  less-than-O.OOl-mm.  size-group, 
the  dispersion  values.  In  the  majority  of 
cases  in  the  first  series  of  tests,  the  dispersion 
values  increased  with  increasing  concentra- 
tions of  the  dispersant,  and  reached  a  maxi- 
mum. With  further  increases  in  concentra- 
tion, varying  for  different  soils  and  dispersants, 
the  degree  of  dispersion  either  persisted  at  the 
maximum  value  or  decreased  to  lower  values. 
Several  examples  of  these  effects  are  illustrated 
by  the  curves  in  figure  1.  The  concentrations 
at  which  maximum  values  occurred  are  re- 
ferred to  as  the  "optimum  concentration 
range."  Those  yielding  values  within  1  per- 
centage point  of  the  maximum  value  are 
termed  the  "practical  concentration  range." 
Several  other  effects  which  also  occurred  in 
this  series  of  tests  were  flocculation  at  low  and 
high  but  not  at  medium  concentrations,  gelling 
at  certain  concentrations,  and  failure  of  sus- 
pensions over  the  entire  concentration  range. 

The  dispersion  values  obtained  for  soils  1-6 
at  optimum  concentrations  of  each  of  the  dis- 
persants are  given  in  table  3.  The  figure  in 
parentheses  adjoining  each  dispersion  value 
represents  the  deviation  of  that  value  from  the 
maximum  of  the  20  dispersion  values  obtained 
for  that  soil.  The  symbol  F  indicates  failure 
of  the  suspension  due  to  flocculation  or  other 
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Table  3. — Effectiveness  of  19  dispersing  agents  with  soils  Nos.  1-6 


Dispersing  agenl 


[denti- 
fical  ion 


B 

(' 
1) 
E 
F 
(i 
H 

I 
J 
K 

I, 

M 

N 
ii 

P 

Q 

R 

S 


Name 


Sodium  metasilicate 

Sodium  hexametapho  phate 

Trisodium  phosphate  

Tetrasodium  pyrophosphate 
Sodium  tripolyphosphate  - 
Sodium  tetraphosphate-.. .-. 

Sodium  polyphos 

Vietamide.     

Sodium  oxalate  - 

Lithium  oxalate 

Ammonium  oxalate 

Soi  1  ium  hydroxide 

Lit  Ilium  hydroxide 

Sodium  cai  bonate   

Lithium  carbonate 

i  ium  acacia 

<  turn  ghatti 

Lomar  PW.    

Marasperse  ('R 


AASHO  method  with  sodium  metasilicate 
and  1  min.  in  motor  stirrer. 


Di  persion  values'  (percentage  of  the  less-than-0.001- 
mm.  group)  obtained  with  the  air-jet  dispersion  cup 
;it    the   optimum   concentrations   of   tin-   dispersing 

UL'ellls  for  soil- 


No.  1 


46   (11) 

55  (2) 

52  (5) 

53  in 

54  (3) 
.v,  (2) 

56  Hi 
54  (3 

53  (II 

v.i  (8) 

54  (3) 
53   (4) 

50  (7) 

57  (ill 

F 
44   (13) 

F 

52  (5) 


29  (31) 


No.  2 


33  (3) 

;;.,  mi 

F 

:i4  (2) 

35  (1) 

36  (in 
:;::  (3) 

34  (2) 

/•' 
F 

F 

F 

34   (2) 

F 
F 

16  (2in 
1")    (21l 

/■' 
22  (14) 


22   (14) 


\o   3 


7  (3) 
111   (ill 

8  (2) 

9  (1) 

in  in) 

8  12. 
\  I) 

F 
F 
F 

F 
F 

F 
F 

5   CI 

'Mil 

9  (1) 
9  (1) 


5  (5) 


No.  4 


6  (2) 

7  (I) 
F 

5  (3) 

7  II) 

8  (0) 

6  (2) 

nd 

5  (3) 

:;   Co 

4  (4) 

1(1) 
3   (5) 

(5 

:;  (5) 

i   .1 

5  (3) 

7  (I) 


5   (3) 


No.  5 


28  (8) 

:;l  (2i 

nil  (III 

33  (3) 

35  (1) 

33  (3) 

34  (2) 
ND 

32  (4) 
34   (2, 

34   (2) 

36  (0) 

33  (3) 
33   (3) 

21    (15) 
3      13 

F 

28   (8) 


13   (23) 


No.  6 


51  (10) 

52  (9) 
61  no 
CO    (II 

56  (5) 
52  (in 
48   (13) 

42  (I1,)) 

F 
F 
F 

F 
59   (2) 

57  (4) 
41    (20) 

/•' 
11   (47) 

II   (17) 

43  (18) 


20   (41) 


Average  de\  i- 
ation     from 
maximum  dis- 
persion value 
(percentage 
points)  for 
Podzolic  soils 
(Nos.  1-5) 


1.0 

F 

2.8 

1.4 

1.0 

2.0 

2.5 

F 
F 
F 

F 
F 

F 
F 

F 

in.  2 

F 
5.8 


1  Numbers  in  parentheses  are  deviations  (in  percentage  points)  of  the  given  dispersion  value  from  the  maximum  value 
obtained  for  that;  soil. 

ie=suspension  failure  due  to  flocculation  or  other  colloidal  effect;  ND  —  value  not  determined. 


colloidal  effects  at  all  concentrations  of  the 
dispersant. 

As  indicated  by  the  F  symbols,  ten  of  the 
dispersants  failed  at  all  concent  rations  with 
unc  or  more  soils.  Two  others,  gum  ghatti 
and  Marasperse  CB,  maintained  the  suspen- 
sions of  all  six  soils,  but  were  highly  ineffect- 
ual, as  shown  by  their  deviation  values.  For 
at  least  one  soil,  however,  each  of  these  twelve 
dispersants  produced  dispersion  values  equal 
to  or  reasonably  near  the  maximum  value. 
This  explains  why,  despite  their  failure  with 
certain  soils,  several  of  these  have  been  con- 
sidered satisfactory  in  laboratories  where  the 
soils  tested  are  closely  related  or  of  limited 
\  ariety. 

For  each  soil,  wide  variations  occur  among 
the  dispersion  values  given  by  the  several  dis- 
persing agents.  This  indicates  that  close 
agreement  (±  1  percentage  point)  between 
the  values  from  duplicate  tests  with  the  same 
soil  does  not  insure  that  a  specific  dispersing 
agent  has  provided  a  high  degree  of  dispersion 
since  other  duplicate  samples  of  the  same  soil, 
dispersed  with  a  different  agent,  will  also  yield 
closely  agreeing  dispersion  values,  though  they 
are  higher  or  lower  in  degree. 


With  the  podzolic  soils  1-5,  the  majority  of 
(he  phosphates  provide  a  combination  of  high 
dispersion  values  (low  deviations)  and  freedom 
of  suspensions  from  flocculation  or  other  col- 
loidal effects.  Of  the  phosphates,  B,  E,  F, 
and  G  were  highly  effective  and  D  and  H  were 
only  slightly  less  so.  However,  C  failed  at  all 
concentrations  with  three  of  the  five  soils. 

With  the  laterite  soil  (No.  6),  a  high  degree 
of  dispersion  was  obtained  from  only  five  of 
the  dispersants,  among  which  were  three  phos- 
phates: C,  D,  and  E.  Trisodium  phosphate 
(C),  which  was  ineffectual  with  the  podzolic 
soils,  gave  the  highest  dispersion  value  ob- 
tained. This  indicates  that  the  dispersion  of 
laterites  presents  a  different  problem  from 
that  of  the  podzolic  soils. 

For  most  soils,  sodium  metasilicate  \  ielded 
low  dispersion  values,  at  optimum  concentra- 
tions in  the  air-jet  dispersion  cup  (line  1, 
table  3),  and  at  the  single  concentration  with 
the  motor  stirrer  (bottom  line  of  table  3).  It 
has,  however,  the  advantage  of  preventing 
flocculation  in  tests  of  all  six  soils.  The  dis- 
persion values  for  soils  2  and  5  also  provide 
data  for  a  valid  comparison  of  the  effective- 
ness of  the  air-jet  dispersion  cup  and  the  motor 


Table  I. — Practical  concentrations  '  of  the  phosphates 


Dispersing 

Practical  concent  ration  range  for  soil- 

Practical 

concent  i  at  ion 

for  podzolic 

soils  1-5 

Iden- 
tifica- 
tion 

Name 

No.  1 

No.  2 

No   3 

No.  4 

No.  5 

B 
C 

1) 
E 
I'- 
ll 
II 

Sodium  hexametaphasphate  . 

85-150 

'.10    1  10 

25-100 

75-150 
10    ||5 
20-95 

120-150 

F 

5-110 

Mil    115 

50-150 
30-150 
10-140 

105    150 

F 

20-100 
10-120 
::,  [50 
in  80 
ND 

25-150 

F 
25-140 
15-100 
75-150 
10-85 
ND 

135-150 
20-100 
60-150 

15    150 

65-150 

30-150 

ND 

1411 
55 

100 
80 

140 
75 
90 

Trisodium  phosphate  _   . 

Tetrasodium  pyrophosphate.-   . 

Sodium  tripolyphosphati 

Sodium  tetraphosphate 

Sodium  polyphos 

Vietamide  

1  Expressed  as  ml.  of  stock  solution. 
F=suspension  failure  due  lo  flocculation  or  other  ci 


loidal  effect;  ND=  value  not  determined. 
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stirrer  for  mechanical  dispersion  since  the- 
single  concentration  of  sodium  metasilicate 
employed  in  the  AASHO  method  is  within  the 
optimum  concentration  range  for  both  soils  in 
the  air-jet  dispersion  cup.  Dispersion  values 
from  the  air-jet  dispersion  cup  are  higher  by  11 
percentage  points  with  soil  2,  and  15  points. 
with  soil  5.  For  the  other  soils,  values  from 
the  air-jet  dispersion  cup  range  from  1  to  31 
percentage  points  higher,  but  concentrations 
of  the  dispersant  are  not  equivalent. 

Further  Studies  of  Phosphates 

In  the  second  series  of  tests,  soils  7-14  and 
the  clay  minerals  bentonite  and  kaolin  (15- 
and  16)  were  dispersed  at  the  "practical  con- 
centration" of  each  of  the  several  phosphates. 
This  concentration,  expressed  as  a  volume  of 
stock  solution,  was  determined  individually 
for  each  phosphate  from  the  volume  ranges  in 
tests  of  soils  1-5  that  gave  dispersion  values 
within  1  percentage  point  of  the  maximum. 
Practical  concentration  values  and  the  prac- 
tical volume  ranges  from  which  they  were 
derived  are  listed  in  table  4. 

The  results  of  the  second  series  of  tests, 
showm  in  table  5,  agree  in  general  with  those 
pertaining  to  the  phosphates  in  the  first  series 
and  reveal  several  points  of  further  informal 
l  ion: 

Sodium  tripolyphosphate  and  sodium  poly- 
phos (E  and  G)  are  highly  effective  for  the 
soils  and  clay  minerals,  having  six  optimum 
dispersion  values  (zero  deviations)  out  of  a 
possible  ten,  maximum  deviations  of  5  and  3 
percentage  points,  and  low  average  deviations 
of  1.2  and  1.0. 

Sodium  hexametaphosphate  and  sodium 
tetraphosphate  (B  and  F)  are  somewhat  less 
effective,  as  shown  b}'  their  average  deviation 
values  of  2.9  and  2.6.  This  is  undoubtedly 
related  to  their  higher  deviations  with  the 
clay  minerals:  21  and  10  for  bentonite,  and  4 
in  both  cases  for  kaolin.  Approximately 
the  same  degree  of  effectiveness  is  shown  by 
tetrasodium  pyrophosphate  (D)  for  most  of 
the  soils,  but  two  deviations  of  8  points  raise 
its  average  to  4.4  which  approximates  its 
dispersion  results  with  the  clay  minerals. 

Trisodium  phosphate  and  Vietamide  (C 
and  H)  each  failed  to  maintain  the  suspensions 
of  three  soils  and  was  only  moderately  effec- 
tive with  the  others.  Vietamide,  how'ever, 
produced  the  optimum  dispersion  value  for 
kaolin  but  was  ineffective  with  bentonite, 
and  trisodium  phosphate  was  ineffective  with 
both  of  the  clay  minerals. 

Sodium  metasilicate  (A)  was  even  less 
effective  than  in  the  previous  series  of  tests, 
with  a  suspension  failure  writh  one  soil  and 
very  high  deviation  values,  varying  from  10 
to  34,  with  the  others. 

Summarizing  the  results  obtained  with  the 
clay  minerals,  bentonite  was  highly  dispersed 
by  only  sodium  tripolyphosphate  and  sodium 
polyphos  (E  and  G).  Kaolin  was  highly 
dispersed  by  both  of  these  and  Vietamide  (II), 
and  moderately  well  by  sodium  hexameta- 
phosphate, tetrasodium  pyrophosphate,  and 
sodium  tetraphosphate  (B,  D,  and  F).  It  is 
significant  that  only  sodium  tripolyphosphate 

August  1954  •   PUBLIC   ROADS 


*f 


Kill 


m 


Table  5.— Effectiveness  of  phosphates  with  soils  Nos.  7-11  and  the  clay  minerals  bentonite  and  kaolinite  (Nos.  15  and  16) 


Dispersing  agent 


Identi- 
flcat  ion 


Name 


Sodium  hexametaphosphate. 

Trisodium  phosphate 

Tetrasodium  pyrophosphate. 
Sodium  tripolyphosphate— 

Sodium  tetraphosphate 

Sodium  polyphos 

Victamide 


AASHO  method  with  sodium  metasilicate  and 
1  min.  in  motor  stirrer 


Concentra- 
tion (ml. 
of  stock 
solution) 


140 
55 

lllll 
SO 

140 
75 
90 


Dispersion  value  '  (percentage  of  less-than-O.OOl-mm  group)  for  soil  or  clay  mineral- 


No.  7 


25  (3) 

25  (3) 

20  (2) 

28  Hi) 

25  (3) 

26  (2) 
22  itii 


8   (20) 


No.  S 


20  (3) 

is  (5) 

15  (X) 

23  (0) 

20  (3) 

20  (3) 

20  (3) 


7  (10) 


No.  9 


10  (3) 
39  (4) 
39  (4) 
43  (0) 
41  (2) 

11  (21 
30  (13) 


9  (34) 


No.  10 


57  (3) 
F 

56  Hi 

58  (2) 

57  (3) 
60  (0) 

F 


34   (20) 


No.  11 


40  (5) 

41  (4) 

42  (3) 
13  (2) 
45  (0) 

/' 


14   (31) 


No.  12 


44  (4) 
/•' 

40   (X) 
43   (5) 

45  (3) 
4s   (0) 

/■' 


No.  13 


28  (2) 
/•' 

27  13) 

30  on 

27  (3) 

29  (1) 

28  (2i 


20    I  10) 


No.  1 1 


38  (0) 

38  no 

36  (2) 

38  (()) 

36  (2) 
38  (01 

37  (1) 


II)   (28) 


No.  15 


03  (21) 

F 

78  (0) 

82  (2) 

71  (III) 

84  (ID 

68  I  16) 


ND 


No.  16 


35  (4) 

32  i7i 

35  '  I 

39  (0) 

39  (0) 
39  mi 


ND 


Deviation 
from  max- 
imum dis- 
persion value 
(average  for 
soils  7-14) 


4.4 
1.2 
2.  6 

1  (I 


i  All  values  in  parentheses  are  deviations  (in  percentage  prints)  of  the  given  dispersion  value  from  the  maximum  value  obtained  for  that  soil 
F=suspensi(,n  failure  due  to  Modulation  oi  other  colloidal  effect;  fV£>=value  not  determined.  ODiaineo.  101  tti.it  son. 


nd  sodium  polyphos  (E  and  G)  were  highly 
ffective  for  both  of  the  clay  minerals. 

The  Five  Effective  Phosphates 

In  order  to  compare  the  essential  results 
Stained  by  using  the  most  effective  phos- 
hates  with  all  of  the  experimental  soils  and 
L-ith  certain  special  groupings  of  soils,  some 
f  the  data  were  selected  from  tables  3  and  5 
nd  rearranged  and  summarized  in  table  6. 
Que  to  their  failure  with,  several  suspensions, 
hosphates  C  and  H  were  not  included. 

Comparison  of  the  results  of  tests  on  all  of 

he  soils,  1-14,  shows  sodium  tripolyphosphate 

E)    to   be   most   effective,    with   an   average 

leviation    value    of    1.4    percentage    points, 

ollowed  closely  by  sodium  polyphos,  sodium 

etraphosphate,    sodium    hexametaphosphate, 

nd  tetrasodium  pyrophosphate  (G,  F,  B,  and 

))    in    the   order   of   their   average   deviation 

alues.     The  maximum  deviation  values  show 

hat  each  dispersant   gives   a   high   deviation 

nth  at  least  one  of  the  soils  of  the   group. 

For  the  soils  in  the  groups   1-5  and  7-14, 

rom  which  the  laterite  is  excluded,  the  best 

ispersant  is  sodium  polyphos  (G),  which  has 

very   low   average   deviation    value   of   0.6. 

sodium  tripolyphosphate,   sodium   tetraphos- 

ihate,  and  sodium  hexametaphosphate  (E,  F, 

nd  B)  follow  in  the  order  given.     The  average 

leviation    of    sodium    pyrophosphate    (D)    is 

S.6  percentage  points,   which   is   significantly 

aigher  than  that  of  the  others. 

For  the  podzolic  soils,  sodium  tripoly- 
Jhosphate,  sodium  hexametaphosphate,  and 
indium  tetraphosphate  (E,  B,  and  F)  are 
ilmost  equal  in  effectiveness,  with  very  closely 
jigreeing  average  deviation  values  of  1.2,  1.3, 


and  1.3.  Those  of  sodium  polyphos  (G)  are 
slightly  higher  but  probably  not  significantly 
so.  Although  tetrasodium  pyrophosphate  (D) 
is  again  the  least  effective,  it  is  noteworthy 
that  in  this  group  of  soils  none  of  the  phos- 
phates produced  an  inordinately  high  maxi- 
mum deviation  value. 

As  previously  noted,  an  illite  clay  mineral, 
per  se,  was  not  available  in  sufficient  quantity 
for  testing.  However,  data  for  soils  5,  7,  10, 
and  11,  which  are  reported  as  highly  illitic 
{2,  5),  are  combined  in  table  6  for  an  examina- 
tion of  dispersion  results  where  illite  is  the 
principal  (in  percentage)  clay  mineral.  The  e 
soils  may  also  be  considered  as  a  group  con- 
taining mixtures  of  1  he  three  chief  clay 
minerals,  since  the  reported  analyses  (referred 
to  above)  indicate  that  in  addition  to  illite, 
each  contains  about  10  percent  of  kaolinite 
and  25  percent  of  montmorillonite.  Sodium 
polyphos  (G)  again  gave  highest,  dispersion, 
with  an  average  deviation  of  1.0;  sodium 
tripolyphosphate  (E)  is  next,  with  1.8  per- 
centage points;  and  sodium  tetraphosphate, 
sodium  hexametaphosphate,  and  tetrasodium 
pyrophosphate  (F,  B,  and  D)  follow  as  a  less 
effective  group.  Here,  again,  maximum  devi- 
ations are  not  high. 

Since  only  two  examples  of  kaolinitic  soils, 
Cecil  and  Xipe  (2  and  6),  are  included  in  the 
experimental  list  and  since  these  also  contain 
considerable  amounts  of  iron  oxides  (8,  6),  the 
specific  influence  of  kaolinite  in  soils  is  not 
precisely  defined  by  the  data.  However, 
deviation  values  given  in  table  6  for  Cecil  soil 
and  kaolin  (2  and  16),  indicate  that  the  five 
phosphates  listed  are  relatively  highly  and 
about  equally  effective  in  dispersing  these 
kaolinitic  materials.     Generally  higher  devia- 


tions for  the  laterite  (Nipe)  may  be  due  to  the 
very  high  percentage  of  iron  oxides  present  in 
this  soil.  However,  the  moderately  high  iron 
oxide  content  of  Cecil  soil  has  not  similarly 
influenced  its  dispersion  characteristics. 

Results  of  (ho  dispersion  of  bentonite  show 
lit  tie  resemblance  to  those  of  Iredell,  Houston, 
and  Putnam  soils  (1,  9,  and  14)  in  table  (i 
which  have  been  reported  (6,  10)  to  be  highly 
montmorillonitic.  These  three  soils  are  highly 
dispersed  by  each  of  the  phosphates,  though 
only  sodium  tripolyphosphate  and  sodium 
pi  lyphcs  (E  and  (!)  are  highly  effective  with 
bentonite.  Tetrasodium  pyrophosphate  (D) 
is  moderately  effective,  ami  sodium  hexameta- 
phosphate and  sodium  tetraphosphate  (B  and 
F)  are  unsatisfactory.  All  of  the  phosphates 
were  very  highly  effective  with  Putnam  (14), 
a  clay-pan  soil  with  a  clay  fraction  consisting 
largely  of  beidellite,  a  species  of  montmoril- 
lonite (8). 

Other  Observations 

Several  examples  of  the  specific  size-groups 
affected  during  the  later  stages  of  the  disper- 
sion process  are  given  in  tables  7  and  8.  Those 
in  fable  7  are  of  soils  dispersed  in  the  air-jet 
dispersion  cup  with  three  dispersant  concen- 
trations, yielding  low,  medium,  and  high 
degrees  of  dispersion.  The  size-groups  sus- 
taining losses  when  the  dispersion  is  increased 
are  found  to  vary  from  one  soil  to  another. 
Losses  in  Cecil  and  Iredell  occur  chiefly  in  the 
0.05-0.005-mm.  and  0.005-0.001-mm.  groups, 
and  Xipe  sustains  losses  in  all  of  the  groups 
above  the  less-than-O.OOl-mm.  size.  Al- 
though a  certain  amount  of  attrition  of  prime 
particles    undoubtedly    occurs    with    any    soil, 


Table  6. — Effectiveness  of  phosphates  with  all  soils  tested  and  with  certain  groups  of  soils 


Deviation  of  the  dispersion  values  from  the  maximum  (percentage  points) 

Dispersing  agent 

All  soils  (Nos. 

1-14) 

All  soils  except 

laterite  (Nos.  1-5 

and  7-14) 

Podzolic  soil-. 
(Nos.  1-5  and  7) 

Illitic  soils  (Nos. 
.">,  7,  10,  11) 

Kaolinitic  soils 

Kao- 
lin- 
ite 

Montmorillonitic  soils 

Mont- 
morillo- 
nite 
i  Benton- 
ite) 

Identifi- 
cation 

Name 

Max. 

Min. 

Avg. 

M  -a  \ 

Min. 

Avg. 

Max 

Min. 

Avg. 

Max. 

Min. 

Avg. 

Xo.  2 

No.  6 

Avg. 

(No. 

10) 

No.  1 

No.  9 

No. 
14 

Avg. 

(No.  15) 

21 

6 

2 
10 

II 

B 
D 
E 
F 
G 

Sodium  hexametaphosphate. 
Tetrasodium  pyrophosphate- 

Sodium  tripolyphosphate 

Sodium  tetraphosphate 

Sodium  polvphos . 

9 
8 
5 
9 
13 

0 
1 
0 
0 
0 

2.  5 
3.4 
1.4 
2.4 
2.  1 

5 
8 
5 
3 
3 

0 
2 

0 
0 
0 

2.0 
3  6 

1.2 
1.8 

.0 

3 
4 
3 
3 
3 

0 
2 
0 
0 
1 

1.3 
2.7 
1.2 
1.3 
2.0 

5 
4 
3 
3 
2 

2 
2 
1 
2 

(1 

3.  2 

3.  2 
l.s 
2.  5 

i.b 

0 
2 
1 
0 
3 

!l 
1 

5 
0 
13 

4.  5 
1.5 
3.0 
4.5 
X.  0 

4 
4 

0 

4 
0 

2 
4 

3 
2 

1 

3 
4 
0 
2 
2 

11 
2 
0 

II 

1.7 
3.3 

1.0 
2.0 
1.0 
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Table  7. — Effect  of  low,  medium,  and  high  degrees  of  dispersion  (three  levels  of  dispersant  concentration)  on  the  amount1  of  specific 

size-groups 


Size  group  (mm.) 

Amount  found  when  dispersant 
concentration  is— 

Differences 

Amount  found  when  dispersant 
concentration  is — 

Differences 

Low 
(a) 

Medium 
(b) 

High 
(c) 

b-a 

c-b 

c— a 

Low 
(a) 

Medium 
(b) 

High 
(c) 

b-a 

c-b 

c— a 

Cecil  Soil  (No.  2) 

2-0.42 

Dispersed  with  sodium  tripolyphosphate  (a=10  ml.;  b=20  ml.;  c=60  ml.) 

Dispersed  with  scdium  polyphos 

(a=10ml.;  b=30ml.;  c= 

100  ml.) 

4 
S 
20 
4 
25 
16 

5 
7 
20 
4 
21 
13 

4 

8 
19 

3 
22 

9 
35 

+  1 
-1 
0 
0 
-4 
-3 
+  7 

-1 
+  1 
-1 
-1 
+  1 
-4 
+5 

0 
0 
-1 
-1 
-3 
-7 
+  12 

4 
8 
19 
5 
24 
16 
24 

4 
8 
19 
5 
23 
11 
30 

4 
8 
19 
5 
21 
10 
33 

0 
0 
0 
0 

-1 

-5 
+6 

0 

0 

0 

0 

-2 

-1 

+3 

0 

0 

0 

0 

-3 

-6 

+9 

0.42-0.25 

0.25-0.074 

0.074-0.05...   

0.05-0.005 

0.005-0.001 

Less  than  0.001.  

23          '           30 

Nipe  Soil  (Laterite,  No.  6) 

2-0.42       

Dispersed  with  trisodium  phosphate  (a  =  50  ml.;  b=60  ml.;  c  =  120  ml.) 

Dispersed  with  sodium  polyphos 

(a  =  10ml.; 

3=20  ml.;  c= 

60  ml.) 

6 
2 
5 
1 

18 
16 
52 

5 
1 
4 
1 
15 
17 
57 

3 

1 
3 
0 
15 
17 
61 

-1 
-1 
-1 
0 
-3 
+  1 

_2 

0 

-1 

-1 

0 

0 

-3 

-1 
-2 
-1 
-3 

+1 
+9 

13 
5 

10 
4 
24 
10 
36 

10 
5 
9 
3 
21 
12 
40 

8 
3 
6 
2 
20 
13 
48 

-3 
0 
-1 
-1 
-3 
+2 
+4 

-2 
-2 
-3 
-1 

-1 
+  1 
+8 

-5 
-2 
-4 
-2 
-4 
+3 
+  12 

0.42-0.25 

0.25-0.074 

0.074-0.05 

0.05-0.005 

0.005-0.001 

Less  than  0.001.     .        .  

+5                   +4 

Iredell  Soil  (No.  l) 

2-0.42  

Dispersed  with  sodium  hexametaphosphate  (a  =  10  ml.;  b  =  40  ml.; 
c=250ml.) 

Dispersed  with  tetrasodium  pyroph 

os  (a =10  ml 

;b=30ml.;  c=240ml.) 

10 
2 
8 
2 
19 
16 
43 

9 
2 
9 
2 
18 
10 
50 

0 

2 

9 

1 

16 

8 
55 

-1 
0 

+  1 
0 

-1 

-6 

+7 

+  1 
0 

-1 
-1 

-2 
-2 
+5 

0 
0 
0 

-1 
-3 

-8 
+  12 

10 
2 
8 
2 
19 
18 
41 

10 
2 

8 

2 

18 

13 

47 

10 
2 
8 
1 

17 
9 

53 

0 

0 

0 

0 

-1 

-5 

+6 

0 
0 
0 

-1 
-1 
-4 
+6 

0 

0 
0 

-1 

_o 

-9 

+  12 

0.42-0.25 

0.25-0.074 

0.074-0.05 

0.05-0.005 

0.005-0.001 

Less  than  0.001.. 

i  Amounffound  is  given  as  percentage  of  total  weight  of  soil;  differences  are  in  percentage  points. 


it  is  believed  that  little  of  this  effect  is  re- 
flected in  these  data. 

Since  dispersant  concentration  is  the  only 
variable  involved  in  each  set  of  figures,  de- 
creases in  the  coarser  sizes  are  attributed  to 
the  breakdown  of  true  aggregates.  When  the 
dispersant  concentration  is  increased,  the 
disaggregation  increases  until  a  maximum 
dispersion  is  reached  at  the  optimum  concen- 
tration. Differences  in  the  degree  of  dis- 
persion of  the  same  soil  with  different  dis- 
persants  are  accordingly  attributable  to  the 
greater  ability  of  the  better  dispersant  to  dis- 
integrate the  aggregate  structures  and  to 
maintain  a  condition  of  deflocculation  in  the 
resulting  suspension. 

The  data  in  table  8  show  the  effects  of  the 
two  mechanical  dispersion  devices  on  the  per- 
centages of  the  several  particle-size  groups  in 
two  soils,  Cecil  and  Sharkey.  The  values 
given  are  for  dispersion  treatments  of  15  min- 
utes with  the  air-jet  dispersion  cup  and  1- 
minute  with  the  motor-driven  stirrer,  using, 
for  both  treatments,  20  ml.  of  0.2N  sodium 
metasilicate  solution,  in  accordance  with  the 
standard  AASHO  method  T  88-49.  This 
amount  of  the  silicate  solution  also  corre- 
sponds to  the  optimum  concentration  for  both 
soils.  The  degree  of  dispersion  produced  by 
the  air-jet  dispersion  cup  treatment  is  much 
greater  than  that  by  the  motor-driven  stirrer,  as 
indicated  by  the  values  of  the  less-than-0.001- 
mm.  group.  In  the  Cecil  soil,  the  gain  of  this 
group  is  derived  from  small  reductions  of  all 


of  the  coarser  groups,  whereas  most  of  the 
reduction  in  the  Sharkey  soil  occurs  in  the 
0.05-0.005-mm.   group. 

Although  an  extensive  study  of  the  miner- 
alogical  nature  and  the  physical  and  chemical 
properties  of  the  difficultly  dispersed  soil  con- 
stituents was  beyond  the  scope  of  the  present 
investigation,  studies  of  this  sort  offer  inter- 
esting possibilities.  It  would  be  of  value  to 
know  the  identity  and  quantity  of  the  clay  or 
other  active  fine  material  which  is  "bound" 
in  difficultly  dispersed  aggregates  of  silt  and 
sand  sizes;  whether  physical  properties  such 
as  plasticity  and  volume  change  of  the  aggre- 
gated clay  material  are  inhibited/ and  if  so,  to 
what  extent  the  properties  of  the  whole  soil 
are   affected;    and    the    basic    nature   of   the 


binding  forces  in  inorganic  soils  and  why  and 
to  what  extent  they  are  effective  in  soils  of 
different  origin. 

Sediment    Volumes    and  pH    Values 

During  the  sedimentation  of  the  soil  sus 
pensions,  a  large  number  of  measurements  of 
sediment  volumes  and  pH  values  (indicatin| 
degree  of  acidity)  and  observations  of  colloidal 
activities  were  made.  Since  the  measure- 
ments do  not  constitute  a  thorough  anc 
specific  study  of  any  of  these  effects,  the  bulk 
of  the  data  is  therefore  not  included  in  this 
report.  However,  some  of  the  findings  war 
rant  a  brief  mention. 

Sediment  volumes  measured  in  suspensions 
(after  a   24-hour  sedimentation   period)    pre 


Table  8. — Comparison   of  percentages  of  various   size-groups  from   dispersions  with   the 
air-jet  dispersion  cup  and  the  motor  stirrer  i 


Size-group  (mm.) 

Amount  fqund  (percent  of  total  weight  of  soil) 

Cecil  soil  (No.  2) 

Sharkey  soil  (No.  5) 

Air-jet 
disper- 
sion cup 

Motor 
stirrer 

Differ- 
ence 2 

Air-jet 
disper- 
sion cup 

Motor 
stirrer 

Differ- 
ence 2 

2-0.42 

8 
4 

17 
4 
23 
11 
33 

9 
6 
20 
5 
24 
14 
22 

-1 

-2 
-3 
-1 
-1 
-3 
+  11 

6 
3 
14 
3 
26 
20 
28 

6 
3 
16 
6 
35 
21 
13 

0 
0 
-2 
-3 
-9 
-1 
+15 

0. 42-0.25 

0.25-0.074 

0.074-0.05 

0.05-0.005 

0.005-0.001 -.     

Less  than  0.001              

1  Using  the  optimum  concentration  of  sodium  metasilicato  (20  ml.  of  0.2N  solution). 

2  Difference  in  percentage  points. 
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Figure  2. — Effect  of  dispersion  value  on  sediment  volume  with  Cecil  and  Iredell  soils. 


pared  with  various  concentrations  of  a  dispers- 

I  ing  agent  are  not  a  good  index  of  the  degree 

1  jf  dispersion.  In  the  two  examples  given  in 
figure  2,  contrary  to  what  might  be  expected, 
'he  sediment  volume  is  small  at  a  low  degree 
Df  dispersion,  and  increases  as  dispersion 
improves.  Although  the  relation  varied  with 
iifferent  soils  and  dispersing  agents,  very 
similar  results  were  obtained  in  many  of  the 

[  jther  tests. 

Colloidal  effects  such  as  flocculation  and 
gelation,  which  interfere  with  the  analytical 
results,  are  often  unnoticed  unless  they  are 
strongly  manifested.  However,  less  evident 
Dnes  can  often  be  detected  by  simple  tests. 
The  absence  of  a  sharp  line  of  demarcation 

1  Detween  the  sediment  and  the  suspension, 
after  a  brief  settling  period,  invariably  indi- 
cates an  abnormality  of  the  deflocculation 
orocess.  This  observation  can  be  made  long 
Defore  any  pronounced  flocculation  or  gelation 

i  sccurs.  A  gelled  volume  in  the  lower  part  of 
ihe  suspension  is  sometimes  observed  as  a 
dark  layer,  but  is  often  obscured  by  the  color 

i  Df  the  soil.  It  can  more  readily  be  detected 
3y  the  pearly  iridescence  which  results  when 

I 'the  suspension  is  caused  to  rotate  in  the 
cylinder  by  means  of  a  glass  rod.  With 
aormal  deflocculation,  stirring  produces  a 
pearly  effect  of  light  and  dark  streaks  through- 

I  3ut  the  suspension  from  the  reflection  of  light 
oy  the  flat  sides  of  platy  particles  which  are 
highly  oriented  by  the  rotation.     If  gelation 

1  is  present  in  any  part  of  the  suspension,  this 
phenomenon  is  reduced  or  obscured  in  the 
affected  area.  Gelation  is  also  indicated 
when,  after  a  reading  has  been  made  and  the 
hydrometer  removed  from  the  suspension,  the 
liquid  remaining  on  the  hydrometer  flows  off 


as  a  film;  or  when,  upon  pouring  the  suspension 
into  a  No.  200  or  No.  270  sieve  for  separation 
and  washing  of  the  coarse  soil  fractions,  a 
restriction  of  the  flow  of  the  suspension 
through  the  sieve  is  noted.  Although  any  of 
these  qualitative  tests  may  be  used  to  advan- 
tage, the  analytical  procedure  should  include 
as  a  minimum  requirement  a  routine  examina- 
tion of  each  suspension  under  bright  illumina- 
tion so  that  the  appearance  of  the  demarcation 
line  and  any  pearly  iridescent  effect  can  be 
observed. 

Some  of  the  data  from  pH  measurements  of 
suspensions  obtained  by  the  dispersion  of  each 
of  soils  1-6  with  each  of  the  phosphates  are 
given  in  table  9.  The  two  pH  values  shown 
for  each  soil-dispersant  combination  are  those 
which  occurred  at  the  high  and  low  extremes 
of  the  practical  concentration  range  of  the 
dispersing  agent  when   used  with   that  soil. 


The  figure  in  parentheses  adjacent  to  each  pH 
range  is  the  deviation  (in  percentage  points) 
of  the  dispersion  value  obtained  in  that  range 
from  the  maximum  obtained  for  the  soil. 

As  in  the  previous  discussions,  the  data  for 
soils  1-5  are  considered  separately  from  those 
for  soil  6,  the  laterite.  With  the  group  of 
soils  1-5,  the  pH  range  in  which  each  dispers- 
ing agent  is  most  effective,  is  different  for 
different  soils.  For  example,  the  pH  ranges 
for  dispersant  B  are  within  narrow  limits 
(6.6  to  7.5)  and  are  nearly  identical;  those  for 
dispersant  E  consist  of  somewhat  higher 
values  and  are  broader  in  scope  (6.8  to  9.1). 
It  is  further  observed  that  for  any  one  of  the 
soils  of  this  group,  both  a  high  degree  of  dis- 
persion and  good  stability  of  the  suspension 
can  occur  at  several  different  pH  ranges, 
depending  on  the  dispersant  used.  However, 
suspension  failure  (flocculation  of  soils  2,  3, 
and  4  with  dispersant  C)  can  also  occur  over 
very  broad  pH  ranges  which  include  values 
at  which  suspensions  are  successfully  main- 
tained by  other  dispersants.  The  stock 
solutions  of  the  better  dispersants,  B,  E,  F, 
and  G,  for  soils  1-5  have  pH  values  between 
6.7  and  8.8;  that  of  D,  which  is  less  effective, 
is  10.0;  and  those  of  C  and  H,  which  are 
least  effective,  are  11.3  and  4.3 

In  contrast  to  soils  1-5,  the  laterite  (6) 
is  effectively  dispersed  only  under  conditions 
of  high  pH;  its  deviations  are  lowest  (best 
dispersion)  at  pH  values  of  9.2  and  above  with 
dispersants  C  and  D,  intermediate  in  the 
range  8.1-9.0  with  dispersant  E,  and  highest 
(poorest  dispersion)  in  the  range  6.2-6.7  with 
dispersant  H. 

Puri  has  presented  data  (9)  showing  that 
many  soils  are  most  highly  dispersed  at  a  pH 
of  11.2  when  sodium  hydroxide  is  used  as  the 
dispersant  and  the  soil  samples  are  pretreated 
to  convert  them  to  the  H-form.  The  data 
in  table  9  are  at  variance  with  Puri's  findings, 
since  they  were  obtained  using  soil  samples  in 
their  natural  cationic  state,  and  phosphate 
materials  which  are  more  effective  at  lower 
pH  values.  The  present  investigation  was 
concerned  with  dispersion  techniques  which 
provide  a  high  degree  of  dispersion  without 
time-consuming  pretreatments  of  the  soil 
samples. 


Table  9.— pH  values  in  suspensions  of  soils  1-6  with  the  phosphates 


Dispersing  agent 

pH  ranges  '  and  deviations a  from  the  maximum  dispersion  values  for  soil  — 

Identifi- 
cation 

pHof 
stock 

solution 

No.  1 

No.  2 

No.  3 

No.  4 

No.  5 

No.  6 

B 
C 
D 
E 
F 
G 
H 

6.8 
11.3 
10.0 
8.8 
7.6 
6.7 
4.3 

6.6-7.0  (2) 

8.7-9.2  (5) 
8.2-8.7  (4) 
7.2-7.6  (3) 
6.7-7.2  (2) 
6.6-6.8  (1) 
5.6-6.1  (3) 

7. 3-  7. 3  (0) 
6.  7-10.  7  F 
6.2-  9.0  (2) 
6. 8-  8. 4  (1) 
7. 8-  8. 1   (0) 
5. 8-  6.  8  (3) 
6.0-6.2  (2) 

7.  4-  7.  4  (0) 
7.6-11.1   F 

8.  6-  9.  5  (2) 
7.3-  9.1   (1) 
8.  1-  8.  2  (0) 
7.2-  7.3  (2) 

ND 

7. 1-  7. 2  (1) 
7.2-11.4  F 
8.  5-  9. 3  (3) 

7. 2-  8. 9  (1) 

7. 3-  8. 1  (0) 
6.6-  7.3  (2) 

ND 

7.  2-  7.  5  (2) 
9.4-10.9  (6) 

8. 8-  9. 3  (3) 

7.9-  8.8  (1) 
7.  4-  7. 8  (3) 
7.0-  7.3  (2) 

ND 

7. 4-  7.  4     (9) 
9.5-11.3     (0) 
9.  2-  9.  4     (1) 

8. 1-  9. 0     (5) 
7. 9-  8. 1     (9) 
7.3-  7.4  (13) 

6. 2-  6.  7  (19) 

pH  of  soil  (1-1  mix) 

5.7 

4.6 

5.1 

4.9 

6.7 

4.9 

e  two  values  shown  for  each  soil-dispersant  combination  are  those  which  occurred  at  the  high  and  low  extremes  of  the 
Praf  ^^^^^^^^^^SSS^^^^  dis»  ™'Ue  fr°m  the  maXimUm  ValUe 
°btTJfloccutetionat  all  concentrations  and  over  the  pH  range  cited;  ND=pH  not  determined. 
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New  Publication:  Highways  in  the  United  States 


The  Bureau  of  Public  Roads  recently  pub- 
lished a  new  edition  of  its  popular  pamphlet, 
Highways  in  the  United  Stales.  Copies  may 
be  purchased  from  the  Superintendent  of 
Documents,  U.  S.  Government  Printing  Office, 
Washington  25,  D.  C,  at  20  cents  a  copy. 
There  is  no  free  distribution. 


Highways  in  the  United  States  describes,  in 
simple,  nontechnical  language,  the  history, 
administration,  financing,  and  use  of  our  high- 
way systems,  including  information  on  the 
growth  and  current  operation  of  Federal  aid 
for  highways.  The  text  and  accompanying 
chart  and  tables  provide  a  wealth  of  useful 


statistical    material.     Sketches    illustrate    the 
changing  modes  of  highway  transportation. 

The  24-page  pamphlet,  as  a  primer  on  highs 
ways,  is  a  valuable  reference  work  for  school 
and  libraries,  and  will  provide  interesting 
reading  to  the  general  public. 
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Iwo  Articles  on  Rubber-Asphalt: 

[he  Effect  of  Various  Rubbers  on  the  Properties  of  Petroleum  Asphalts 
\  laboratory  Study  of  Rubber-Asphalt  Paving  Mixtures 


Public  attention  has  been  caught,  in  re- 
ent  years,  by  reports  of  the  experimental 
se  of  rubber  in  bituminous  pavements, 
'laims  have  been  made  that  the  use  of  rub- 
er in  various  forms  extends  the  life  of  bitu- 
linous  surfaces,  increases  their  elasticity, 
ecreases  their  brittleness  at  low  tempera- 
ires,  increases  their  resistance  to  the  ae- 
on of  water  and  to  abrasion  by  traffic, 
iduces  skidding,  and  minimizes  mainte- 
ance  requirements. 

Many  experimental  rubber-asphalt  pave- 
lent  sections  have  been  built  to  determine 
nder  actual  service  conditions  the  compar- 
tive  degree  of  progressive  alteration  in 
roperties  of  the  rubber -asphalt  mixtures 
hat  occurs  ivith  age.  Skid  resistance  meas- 
remen  ts  have  also  been  made.  The  Bureau 
f  Public  Roads  has  observed  the  construe- 
on  of  some  of  these  test  sections,  and  is 
Mowing  the  study  of  their  performance 
ith  close  interest. 

The  bibliography  in  this  issue  of  PUBLIC 
OADS  indicates  the  wide  variety  of  experi- 
wntal  work  that  has  been  done  in  the  use 
f  rubber  in  bituminous  pavements.  No 
ichnical  analyses  of  general  coverage  of  the 
ibject  have  appeared,  however,  and  for  this 
'ason  the  Bureau  of  Public  Roads  under- 
>ofe  the  laboratory  research  reported  in 
he  two  articles  presented  here. 

The  amount  of  rubber  used  in  a  "rubber 
md"  is  quite  small.  The  asphalt  in  a  bitu- 
linous  pavement  serves  as  the  cementing 
%entfor  the  gravel  or  crushed  stone,  sand, 
nd  mineral  filler  which  make  up  the  bulk 
f  the  mixture.  When  rubber  is  added,  it 
mounts  to  only  about  5  percent  of  the 
iphalt,  which  itself  is  only  from  5  to  10 
ercent  of  the  total  iveight  of  the  pavement 
laterial.  Thus  the  rubber  represents  about 
ne-fourth  to  one-half  of  one  percent  of  the 
'eight  of  the  paving  mixture. 

Nature  of  Studies 

The  first  article  in  this  issue  of  PUBLIC 
'.OADS  describes  a  study  of  rubber-asplia.lt 
lends,  either  prepared  in  the  laboratory  or 
xtracted from  pavement  mixtures  sampled 
x  the  field.  Three  asphalts  and  fourteen 
ifferent  rubbers — natural,  synthetic,  and 
eclaimed — were  used  in  the  laboratory- 
repared  blends.      Mineral    aggregate    was 
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not    involved    in    the    laboratory    tests   de- 
scribed in  this  study. 

The  second  article  reports  a  laboratory 
study  of  rubber -asphalt  paving  mixtures, 
mineral  aggregate  being  included  in  this 
case.  The  asphalt,  used  was  one.  of  the  three 
included  in  the  first  study,  and  is  identified 
as  AC-2  in  both  reports.  In  the  preparation 
of  the  mixtures,  the  rubber  was  either  pre- 
blended with  the  asphalt  and  the  blend  then 
mixed  with  the  aggregate,  or  the  rubber  in 
powder  or  crumb  form  was  added  to  the  hot 
aggregate  before,  addition  of  the  asphalt. 
Tlie  plaslicized  rubber  and  the  three  pow- 
dered rubber  materials  identified  as  R-l, 
R-2,  and  R-6  were  used  in  both  studies. 

Rubber -Asphalt  Blends 

Disregarding  some  inconsistencies,  ine 
character  of  the  rubber -asphalt  blends  was 
affected  by  the  type  and  amount  of  rubber 
used,  the  nature  and  source  of  the  asphalt, 
and  the  temperature,  time  of  heating,  and 
amount  of  stirring  in  the  preparation  of 
the  blends. 

In  general,  the  addition  of  rubber  in- 
creased the  softening  point  and  viscosity 
of  asphalts  and  decreased  their  penetration, 
flow,  susceptibility  to  temperature  change, 
and  ductility  at  77°  F.  With  two  exceptions, 
the  low-temperature  ductility  of  the  as- 
phalts was  not  very  much  influenced  by  the 
addition  of  rubber.  There  was  a  wide  dif- 
ference in  the  resistance  of  different  rubber- 
asphalt  blends  to  the  changes  produced  by 
high  temperatures  such  as  are  required  in 
the  processing  of  paving  mixtures.  Tests 
with  one  asphalt  showed  that  its  elasticity 
was  increased  in  varying  degree  by  the 
addition  of  various  rubbers. 

Tests  of  rubber -asphalt  in  pavement  mix- 
tures taken  from  experimental  road  sections 
were  fruitless,  since  the  properties  of  the 
rubber -asphalt  material  cannot  be  deter- 
mined by  available  methods  of  extraction 
and  recovery. 

Rubber-Asphalt  Paving  Mixtures 

In  the  study  of  rubber -asphalt  paving 
mixtures,  involving  mineral  aggregate,  both 
favorable  and  unfavorable  results  were  indi- 
cated. When  powdered  rubber  was  used, 
the  compatibility  of  the  paving   mixture 


was  lowered  and  there  was  higher  suscepti- 
bility to  temperature  change  tlian  in  the 
comparable  mixes  without  rubber.  Mix- 
tures with  preblended  rubber  were  much 
more  compactible  and  stable  than  mixtures 
in  which  the  rubber  was  added  as  a  powder. 
Mixtures  containing  three  of  the  four  pre- 
blended rubbers  showed  higher  stabilities 
than  mixtures  without,  rubber. 

Tests  of  the  paving  mixtures  failed  to  in- 
dicate that  bituminous  surfaces  containing 
rubber  would  be  both  substantially  more 
plastic  at  low  temperatures  and  substanti- 
ally less  plastic  at  high  temperatures  than 
surfaces  without  rubber.  Mixtures  contain- 
ing plaslicized  rubber  or  preblended  natural 
rubber  were  less  plastic  at  both  77°  and  140° 
F.  than  mixtures  with  the  rubber  omitted. 
In  general,  mixtures  containing  synthetic 
or  reclaimed  rubber,  in  either  powder  or 
preblend  form,  were  more  plastic  at  both 
77°  aitd  140°  F.  than  the  control  mix  with- 
out rubber.  The  single  exception  was  the 
mixture  containing  preblended  synthetic 
rubber  which,  after  oven  exposure  for  21 
days,  was  slightly  less  plastic  at  140°  F.  and 
slightly  more  plastic  at  77°  F.  than  the  mix 
without  rubber. 

The  tests  showed  that  the  addition  of 
rubber  in  either  powder  or  preblend  form 
did  not  increase  the  resistance  of  the  mix- 
tures to  the  action  of  water. 

Mixtures  of  Ottawa  sand  and  preblended 
asphalt  and  natural  rubber  were  found  to 
be  more  resistant  to  abrasion  than  mixtures 
without  rubber  or  any  of  the  other  rubber- 
asphalt  mixtures. 

Significance  of  Tests 

What  do  these  laboratory  tests  signify? 
The  effects  of  the  addition  of  different  rub- 
bers to  different  asphalts  may  vary  widely: 
the  use  of  rubber  shows  promise  of  benefits 
in  some  respects;  in  others  it  does  not.  Con- 
clusions as  to  benefits  of  real  economic 
value  in  the  addition  of  rubber  to  asphalt 
must  wait  on  further  observation  of  the 
behavior  of  experimental  pavements  under 
the  influence  of  age,  weather,  and  traffic. 
None  of  these  experimental  pavements 
Iiave  as  yet  shown  significant  behavior 
differences  between  comparable  rubber- 
asphalt   and   plain   asphalt  sections. 
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The  Effect  of  Various  Rubbers  on  the 

Properties  of  Petroleum  Asphalts 
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BY  THE  PHYSICAL  RESEARCH  BRANCH] 


Reported  by  RICHARD  H.  LEWIS,  Senior  Chemist,  and 
J.  YORK  WELBORN,  Highway  Physical  Research  Engineer 


THE  investigations  of  the  effect  of  rubber 
on  bituminous  materials  {1)  '  used  in  pav- 
ing mixtures  were  initially  confined  to  labora- 
tory studies.  These  investigations  were  con- 
cerned with  the  changes  that  occurred  when 
rubber  latex  was  blended  with  blown,  native, 
and  petroleum  asphalts  and  with  asphaltic 
emulsions. 

In  1933,  an  unvulcanized  rubber  powder, 
first  known  as  Stam  rubber  powder  and  later 
(after  modifications  in  processing)  as  Pulvatex, 
was  developed  by  the  Department  of  Rubber 
Research  of  the  Experimental  Station,  West 
Java,  at  Buitenzorg,  Java.  In  1938,  Mealo- 
rub,  formerly  called  P.W.J,  rubber  powder  or 
Van  Dalfsen  rubber  powder,  was  developed 
by  the  same  research  institution.  These  two 
materials  are  protected  by  patents  of  the 
Rubber  Foundation  at  Delft,  Netherlands. 

Pulvatex  is  prepared  by  spraying  field  latex 
or  creamed  latex  in  a  current  of  hot  air,  while 
simultaneously  a  certain  quantity  of  dried 
diatomaceous  earth  is  blown  in  the  dispersed 
particles  so  that  a  dehydrated  mass  is  pro- 
duced in  which  the  dessicated  rubber  particles 
do  not  adhere.  Mealorub  is  prepared  by 
heating  fresh  latex  with  certain  chemicals  by 
means  of  which  sulfur  is  fixed.  The  product 
is  then  flocculated  by  means  of  acid,  dehy- 
drated, disintegrated,  and  dried.  Mealorub 
has  undergone  a  certain  amount  of  vulcaniza- 
tion, in  contrast  to  the  unvulcanized  Pulvatex. 
The  two  materials  are  unlike  in  appearance: 
Pulvatex  has  a  grayish  brown  color  and  the 
texture  of  flour;  Mealorub  is  a  yellow  crumbly 
material  having  the  appearance  of  coarsely 
ground  corn  meal. 

Other  rubbers  in  powdered  or  crumb  form 
have  been  developed  from  natural  rubber 
latex  (2)  but  the  natural  rubber  powder  gen- 
erally used  in  asphaltic  construction  in  the 
earlier  work  was  of  the  Mealorub  or  Pulvatex 
types. 

The  results  of  the  investigations  covering 
the  effects  of  both  the  rubber  latex  and  the 
powdered  or  crumb  rubbers  showed  that  the 
consistency,  softening  point,  temperature  sus- 
ceptibility and  ductility  of  the  asphalt  were 
so  altered  that  the  performance  of  pavements 
and  surfacing  mixtures  might  be  materially 
benefited  by  the  admixture  of  rubber  com- 
pounds. 


1  Italic  numbers  in  parentheses  refer  to  the  bibliography 
on  pages  88  and  89. 


Test  pavements 

Experimental  sections  of  surface  dressings, 
composed  of  sand,  filler,  cutback  asphalt,  and 
a  small  amount  of  rubber  powder,  laid  on  old 
asphaltic  concrete  roads  in  the  Netherlands 
from  1935  to  1938,  were  still  in  excellent  con- 
dition after  being  subjected  to  the  heavy  traf- 
fic imposed  by  the  German  and  Allied  armies 
during  World  War  II  (S).  The  sections  sealed 
with  the  rubberized  surfacing  mixture  were  in 
much  better  condition  than  the  untreated 
asphaltic  concrete.  However,  according  to 
available  reports,  a  similar  surfacing  mixture 
without  added  rubber  was  not  used  over  the 
old  asphaltic  concrete  to  provide  a  direct  com- 
parison of  the  surface  dressings  with  and  with- 
out the  rubber  admixture. 

Nevertheless,  the  excellent  condition  of  the 
rubberized  asphaltic  seal  treatments  impressed 
representatives  of  the  rubber  industry  in  the 
United  States  who  had  inspected  these  roads. 
As  a  result,  the  Goodyear  Tire  and  Rubber 
Company  developed  synthetic  rubber  powder 
of  the  GR-S  Type  V.  It  was  vulcanized  in 
latex  form  to  prevent  coalescence  on  drying. 
Several  experimental  sections  of  asphaltic 
pavement  containing  this  material  were  con- 
structed in  1947.  On  the  basis  of  performance 
of  these  sections,  the  first  large-scale  construc- 
tion of  an  asphaltic  pavement  containing  rub- 
berized asphalt  ii>  any  form  in  the  United 
States  was  laid  on  Exchange  Street  in  Akron, 
Ohio,  in  September  1948  (4). 

From  1948  to  date,  asphaltic  surfaces  con- 
taining rubber  in  some  form  have  been  built 
elsewhere  in  the  United  States,  and  in  Canada, 
Europe,  the  Far  East,  Australia,  New  Zealand, 
and  South  Africa  (5). 

In  most  of  the  areas  outside  the  United 
States,  natural  rubber,  similar  to  Mealorub, 
has  been  used  with  liquid  or  semisolid  asphaltic 
materials  in  asphaltic  paving  mixtures  and  in 
surface  treatment  work.  Some  construction 
in  the  Far  East  has  been  done  with  a  rubber- 
ized binder  prepared  by  combining  rubber 
latex  and  emulsified  asphalts.  In  the  United 
States  natural,  synthetic,  reclaimed,  processed, 
and  scrap  rubber  in  powdered  form  have  been 
used  in  asphaltic  paving  mixtures,  and  pow- 
dered natural  rubber  added  to  cutback  asphalts 
has  been  used  for  seal  coating  and  surface 
treatment  work.  Blends  of  synthetic  rubber 
latex  and  emulsified  asphalt  have  been  used 
as  binders  for  hot  asphaltic  concrete  in  one 
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State.  Blends  of  plasticized  rubber  asphalt, 
normally  used  for  joint  sealing  purposes,  and 
meeting  the  test  requirements  of  Federal 
specification  SS-S-164,  and  petroleum  asphalts 
have  also  been  used  as  binders  for  asphaltic 
concrete  and  sheet  asphalt  mixtures. 

Preblended  binders  used 

In  May  1950,  experimental  rubberized  as- 
phaltic pavements  were  constructed  in  Singa- 
pore (6),  using  natural  rubber  in  the  amount 
of  5  percent  of  the  asphalt,  incorporated  into 
the  mixtures  in  various  ways.  In  one  mixture, 
the  powdered  rubber  was  added  to  the  aggre- 
gate at  the  mixer  box.  In  a  second  mixture, 
the  powdered  rubber  was  added  to  the  hot 
asphalt  in  the  asphalt  bucket  and,  after  a 
short  period  of  stirring  to  distribute  the 
powdered  rubber,  the  contents  of  the  asphalt 
bucket  were  dumped  over  the  heated  aggregate 
in  the  mixer  box.  In  a  third  mixture,  the 
rubber  powder  was  preblended  by  heating  the 
asphalt  to  330°  F.,  adding  the  required  amount 
of  rubber,  and  stirring  the  rubber-asphalt  blend 
for  4  hours  at  the  330°  F.  temperature.  The 
blend  was  then  poured  onto  the  hot  aggregate 
in  the  mixer  box,  the  mineral  filler  added,  and 
the  ingredients  mixed  for  3  minutes.  The 
temperature  of  the  mixture  was  about  300°  F. 
when  dumped  from  the  mixing  box  and  about 
275°  F.  at  the  time  of  laying.  No  data  were 
presented  to  show  the  test  characteristics  o 
the  two  rubberized  blends  used  in  the  mixtures 

An  inspection  report  on  the  condition  of 
these  experimental  sections  (7)  indicated  that 
the  sections  containing  the  rubber  which  was, 
preblended  with  the  asphalt  for  4  hours  before 
adding  to  the  hot  aggregate  were  in  a  satis- 
factory condition,  while  the  sections  in  which'  ' 
the  rubber  was  added  to  hot  asphalt  for  a 
short  mixing  period  before  pouring  into  thd 
mixer,  and  those  in  which  the  rubber  powder 
was  added  directly  to  the  hot  aggregate,  were 
still  deficient  in  stability  12  months  after 
construction. 

In  a  more  recent  article  (8),  descriptions  are 
given  of  several  experimental  road  surfacings, 
laid  during  1950  and  1951  in  various  parts  of 
the  British  Empire,  in  which  Mealorub  rubber 
powder  was  used  with  asphalt.  On  the  basis 
of  these  road  trials  several  methods  of  adding 
the  rubber  to  the  finished  mixture  were  recom- 
mended, with  special  regard  to  the  tempera- 
tures employed.  In  preblending  the  rubber 
with     the    asphalt    before    incorporation    in 
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ving  mixtures,  it  was  recommended  that. 
3  powder  be  added  slowly  and  the  blend 
itated  for  not  less  than  1  hour  at  325°  F. 
1 2  hours  at  300°  F.  It  was  stated  that  the 
iblended  rubber-asphalt  prepared  under  the 
pve  conditions  could  be  cooled  and  again 
leated  for  use.  It  was  also  stated  that  if 
>  rubber-asphalt  blend  is  stored  hot  before 
\,  it  may  be  maintained  at  a  temperature  of 
p  F.  for  24  hours,  300°  F.  for  2  days,  280° 
for  4  days,  or  260°  F.  for  8  days  without 
!ious  alterations  to  the  properties  of  the 
Jnd;  but  temperatures  above  320°  F.  should 
avoided. 

t  also  was  recommended  that,  due  to  the 
ilitional  tenacity  imparted  by  the  rubber 
:,he  mixture,  the  temperature  of  the  mixture 
[uld  be  approximately  20°  F.  higher  than 
Lt  usually  used.  Again,  no  test  results  were 
pn  in  this  report  on  the  preblended  rubber- 
t-lhalt  mixtures  to  evaluate  the  changes  that 
tfurred  in  the  test  characteristics  of  the 
l halts  during  their  blending  and  storage. 
In  1952,  the  Massachusetts  Department  of 
')lic  Works  resurfaced  a  1.7-mile  section  of 
[S.  6  with  standard  bituminous  concrete 
The  specifications  required  that  the 
Ehalt  in  one-half  of  the  section  contain  7.5 
iSent  by  weight  of  GR-S  synthetic  rubber 
rder,  the  type  of  which  was  not  given, 
ted  and  dispersed  in  the  asphalt  by  the 
[Wing  procedure: 

The  specified  amount  of  powder  is 

added  at  a  minimum  of  200°  F.  with 
I  suitable  agitation.  It  is  sifted 
I  through  a  J4-inch  mesh  sieve  into  the 
:  mixture  to  prevent  lumping.  The 
|  temperature  of  the  mixture  is  then 

raised  to  250  to  275°  F.  and  the 
,    mixing  is  continued  for  a  minimum 

of  2  hours.  The  asphalt  containing 
|  the  dispersed  rubber  powder  is  then 
j  mixed  with  the  aggregate  in  the 
[  usual  manner. 

p  he  description  of  this  project  the  physical 
Iracteristics  of  the  rubberized  asphalt 
I<  d  were  not  reported. 

ij  thetic  preblend  in  Akron 

i  i  September  1948,  the  Goodyear  Tire  and 
[nber  Company,  in  cooperation  with  the 
Br  of  Akron,  laid  an  experimental  pavement 
i  'hich  synthetic  rubber  GR-S  Type  V  was 
1-1  (10).  The  asphaltic  concrete  mixture, 
o'orming  to  requirements  of  Ohio  specifica- 
fc  T-35,  was  typical  of  those  in  general 
is  in  that  area  except  for  the  addition  of 
iner  to  the  binder.  The  asphalt  cement  of 
v$5  penetration  was  heated  to  300°  F.  and 
y  hetic  rubber  was  added  and  mixed  for  2 
fc's  to  produce  blends  containing  5  and  7.5 
•eent  by  weight  of  rubber.  The  rubber- 
8]ialt  blends  were  then  allowed  to  stand 
iv  night  before  mixing  with  the  aggregate, 
ft.  characteristics  of  these  rubber-asphalt 
(Ms,  as  reported  by  the  City  of  Akron  (10), 
Xi  given  in  table  1.  These  data  show  that 
h<  addition  of  rubber  to  the  asphalt  cement 
aied  a  reduction  in  penetration  and  ductility 
m  increased  the  softening  point .  Solubility 
$£p  of  the  rubber-asphalt  blends  in  carbon 
LisLfide  indicated  that  the  rubber  was  not 
oble.     The  test  results  also  indicate  that 


the  insoluble  rubber  did  not  affect  the  Oliensis 

Spot  lest. 

The  asphaltic-concrete  mixtures  containing 
the  rubber  powder  were  handled  in  the  normal 
manner  during  mixing,  transportation,  laying, 
and  compacting.  An  inspection  of  the  pave- 
ment sections  made  in  February  1949  showed 
no  visual  difference  between  those  containing 
rubber  and  those  containing  asphalt  without 
rubber. 

Objective  of  Study 

The  above  review  of  the  literature  indicates 
that  rubber  in  many  forms  has  been  added  to 
asphaltic  materials  for  road-building  purposes. 
These  include  rubber  latex  combined  with 
asphalt  cements  and  asphalt  emulsions, 
plasticized  rubber  with  fluid  and  semisolid 
asphaltic  materials,  and  various  kinds  of 
powdered  rubber  combined  with  cutback 
asphalts  and  road  tars  for  surface  treatments 
and  cold-laid  mixtures  and  with  asphalt 
cement  for  hot-laid  mixtures.  However,  the 
chief  objective  of  the  investigation  reported 
here  was  to  determine  the  effect  of  various 
kinds  of  rubber  powders  on  the  properties  of 
the  petroleum  asphalts  normally  used  in  the 
construction  of  high-type  paving  surfaces. 

In  the  preparation  of  asphaltic-concrete 
mixtures,  the  rubber  powder  usually  has  been 
added  to  the  hot  aggregate  in  the  mixing  box 
at  the  paving  plant  prior  to  the  addition  of 
the  asphalt.  This  is  the  most  convenient 
method  and  is  recommended  by  the  Natural 
Rubber  Bureau.  However,  the  rubber  pow- 
der may  not  be  completely  blended  with  the 
asphalt  during  the  mixing  and  laying  of  the 
paving  mixture  and  the  degree  of  alteration 
which  has  taken  place  cannot  be  determined. 
As  will  be  shown  later,  on  account  of  the  high 
degree  of  insolubility  of  the  rubber  powders 
in  the  solvents  normally  used  in  the  extraction 
of  bitumens  from  paving  mixtures,  the  ma- 
terial extracted  and  recovered  from  rubberized 
asphalt  mixtures  may  differ  greatly  from  the 
binder  as  it  exists  in  the  pavement. 

Therefore,  this  report  deals  primarily  with 
the  effect  of  the  various  kinds  of  powdered 
rubber  on  the  physical  properties  of  selected 
asphalt  in  order  to  obtain  data  that  may  prove 
of  value  in  establishing  the  relative  efficiency 
of  the  different  rubbers  as  admixtures  to  the 
asphalt  binders. 

Summary  of  Observations 

The  report  shows  that  a  number  of  variables 
affect  the  characteristics  of  blends  of  rubber 
with  petroleum  paving  asphalts.  In  some 
cases  the  effect  of  these  variables  is  not  con- 
sistent. Disregarding  the  inconsistencies,  the 
following  statements  may  be  made: 

The  type  of  rubber  used  in  the  blend  affects 
the  characteristics  of  the  asphalt  in  varying 
degree:  Natural  and  GR-S  Type  II  synthetic 
rubbers  produce  large  changes;  polybutadiene 
rubber  produces  medium  changes;  and  re- 
claimed, processed,  tire-scrap,  and  GR-S 
Type  V  synthetic  rubbers  produce  only  small 
changes. 

The  changes  in  the  properties  of  a  given 
asphalt  become  more  pronounced  with  in- 
creases in  the  rubber  content  of  the  blend. 


With  a  given  type  and  amount  of  rubber 
in  the  blend,  the  changes  in  the  properties  of 
the  asphalt  vary  with  its  character  and  source. 

The  temperature,  time  of  heating,  and 
amount  of  stirring  in  the  preparation  of  the 
blend  all  have  their  effects  on  the  character 
of  the  blend. 

Insofar  as  individual  test  characteristics 
are  concerned,  the  addition  of  rubber  to 
asphalt  has  the  following  effects: 

For  all  asphalts  studied,  the  softening  point 
and  viscosity  were  increased  and  the  suscepti- 
bility to  temperature  change  was  decreased. 
The  flow  was  also  decreased  except  for  the 
blend  of  Venezuelan  asphalt  with  5  percent 
of  reclaimed  rubber. 

In  general,  the  penetration  of  the  asphalts 
was  decreased  by  the  addition  of  rubber. 
Exceptions  to  this  were  the  blends  of  Cali- 
fornia asphalt  with  natural  rubber  and  with 
5  percent  of  synthetic  rubber. 

Tests  with  one  asphalt  showed  that  the 
elasticity  was  increased  in  varying  degree  by 
the  addition  of  various  rubbers. 

The  ductilities  of  the  asphalts  at  77°  F. 
were  greatly  decreased  by  the  addition  of  the 
various  rubbers.  Exceptions  to  this  were  the 
blends  of  California  asphalt  with  natural  rub- 
ber and  GR-S  Type  II  synthetic  rubber. 

Previous  studies  have  shown  that  all  paving 
asphalts  have  a  much  lower  ductility  at  39.2° 
F.  than  at  77°  F.  when  tested  at  a  rate  of  5 
centimeters  per  minute.  Blends  of  the  three 
asphalts  with  7.5  percent  of  various  rubbers 
also  had  much  lower  ductilities  at  39.2°  F. 
than  at  77°  F.  except  the  blends  containing 
GR-S  Type  II  rubber.  With  the  exception 
of  these  and  the  blend  of  California  asphalt 
and  natural  rubber,  the  low-temperature 
ductility  of  the  asphalts  was  not  influenced 
greatly  by  the  addition  of  rubber. 

The  results  of  thin-film  oven  tests  show  that 
there  is  a  wide  difference  in  the  resistance  of 
different  rubber-asphalt  blends  to  the  high 
temperatures  encountered  in  the  processing 
of  bituminous  paving  mixtures. 

All  of  these  indications  provide  useful  in- 
formation. However,  the  properties  of  rubber 
asphalt  blends  as  they  exist  in  rubber-asphalt 
pavements  cannot  be  determined  by  available 
methods  of  extraction  and  recovery.  There- 
Table  1. — Analysis  of  asphalt  and  rubber- 
asphalt  blends  used  as  binders  in  asphaltic 

concrete    on     Exchange     Street,    Akron, 

Ohio,  1948 


Un- 

Asphalt 

Asphalt 
with 
7.5% 

rubber 

blended 

with  5% 

asphalt 

rubber 

Foaming  when  heated 

to  350.6°  F 

None 

None 

None 

Flash  point 0F.. 

617 

599  i'ii  is 

599-608 

Penetration  at  100  g., 

5  sec,  77°  F. 

75 

63 

57 

Softening    point,    R 

andB °F.. 

120-127 

124-129 

120-134 

Ductility  at  77°   F. 

em_. 

100+ 

12-28 

14. 5-20 

Loss  at  325°  F.,5hrs. 

percent- - 

0.1 

0.1 

0.1 

Residue,   percent  of 

original  penetration- 

68.0-85.6 

66.8-82.5 

81.0-87.7 

Material   soluble   in 

CS2 percent- 

99.5 

94.9 

92.4 

Insoluble  matter   in 

CCU.- do.... 

0.3 

5.2 

7.6 

Oliensis  spot  test 

Neg. 

Neg. 

Neg. 
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Table  2. — Types  of  rubber  powders  used  in 
investigation 


it  1 


Pro- 


and  method  of  preps 


R-7 

Ii 

D 

R  9  • 

D 

D 

R-13 

Z> 

R-M 

D 

R-15 
R-16 

Natural;  Eas(  Indies. 
Reclaimed,  16  mesh. 
Reclaimed,  12  mesh. 
Reclaim* 

OR  s    Type   V,   70/30   butadiene- 
prepared   by   \  ulc 
tion,  <■  lagulation,  and  pub 
nee  of  detackifier. 
Type    II,    75/25    butadi 

l  i,i  coagulation 
.■  of  rosin  polymer  de- 
tackifier. 
GR-S   Type   II,   75/25   butadiene- 
rene;  prepared  bj  coagulation 
i  soap  detackifier. 
GR  S   Type   V,   70/30   butadiene- 
styrene;  prepared  by  vulcaniza- 
tion, coagulation,  and  pulvi 
in  presence,  of  a  detackifii 
Polybutadiene;    made   from    poly- 
butadiene  latex  by  coagulation  in 
presence  of  a  resin  polymer  as  de- 
tackifier. 
OR-S  Type  II,  75/25  butadiene  sty- 
rene; prepared  from  GR   S    1  -I'- 
ll latex,  spray  dried  with  poly- 
vinal  chloride  as  detackifier,  and 
ground  with  perlite  to  pulverize, 
utadiene;  prepared  from  poly- 
butadiene latex,  spray  dried  with 
polyvinal  chloride  as  detackifier, 
and  ground  with  perlite  to  pulver- 
ize. 
Reclaimed;  powdered. 
Ground  vulcanized  tire  treads. 


i  Designated  by  producers  as  Powderpol  and  considered 
by  producer  to  be  quite  similar  to  R-6. 

fore,  since  experimental  asphalt  pavements 
containing  various  rubber  powders  have  not 
as  yet  shown  significant  differences  in  be- 
havior between  the  sections  containing  asphalt 
alone  and  those  containing  rubber-asphalt 
blends,  it  is  not  possible  at  this  time  to  eval- 
uate the  influence  of  the  rubber  by  means  of 
tests  of  the  blends  made  in  the  laboratory. 

Rubber  Powders  Investigated 

Representative  rubber  powders  obtained 
either  from  construction  projects  or  from  in- 
terested producers  were  included  in  the  investi- 
gation. The  sample  identification  and  a  brief 
description  of  all  the  rubbers  used  are  given 
in  table  2.  Material  It-1  from  producer  A 
was  the  natural,  partially  vulcanized,  rubber 
powder  known  as  Mealorub,  which  has  been 
previously  described.  Materials  R-2,  R-3, 
and  R-4,  differing  only  in  particle  size,  were 
reclaimed  rubbers  from  producer  B.  Material 
II  15  from  producer  E  was  also  a  reclaimed 
rubber.  Reclaimed  rubber  is  described  (11) 
as  follows: 

During  the  reclaiming  operations 
the  vulcanized  rubber  compound  in 
the  original  scrap  becomes  devulca- 
nized,  i.  e.,  it  again  becomes  process- 
able,  so  that  it  can  again  be  com- 
pounded ;uid  vulcanized.  Reclaim  is 
valued  largely  for  its  rubber  hydrogen 
content,  other  ingredients  consisting 
essentially  of  tillers  and  softeners, 
some  of  which  were  in  the  original 
rubber  scrap  and  some  of  which  were 
added  during  reclaim  manufacturing 
process.  Reclaim  may,  therefore,  be 
considered  as  a  partially  compounded 
rubber. 
Material  R-5,  furnished  by  producer  C, 
was    designated   as   processed   rubber.     This 


producer  stated  that  processed  rubber  is  a 
compounded  rubber  with  a  specific  gravity  of 
1.17  ±0.03,  ground  to  pass  a  20-mesh  sieve. 

The  seven  synthetic  rubbers  from  producer 
D  consisted  of  two  GR-S  Type  V  powders, 
R  6  and  R-9,  similar  to  the  material  used  in 
the  Exchange  Street  pavement,  Akron,  Ohio. 
Rubbers  R-7,  R-8,  and  R-13  were  of  GR-S 
Type  11,  and  R-10  and  R-14  were  polybuta- 
diene powders  prepared  from  the  polymeriza- 
tion of  polybutadiene  latex. 

The  results  of  a  laboratory  study  of  the 
effect  on  petroleum  asphalts  of  butadiene- 
based  synthetic  rubber  powders,  including  the 
GR-S  Type  V  rubber  used  in  the  Exchange 
Street  experimental  sections  in  Akron,  were 
given  in  a  report  published  in  1951  {12). 
This  report  showed  that  synthetic  rubbers 
added  to  hot  asphalts  raised  the  softening 
point  and  reduced  the  cold  flow,  the  suscepti- 
bility to  temperature,  and  the  penetration  of 
the  asphalt. 

Rubber  R-16  from  producer  E  was  ground, 
vulcanized  tire-tread  scrap.  The  ground  tire- 
tread  scrap  is  similar  to  that  used  by  A.  E.  H. 
Dussek  in  his  composite  surfacing  material, 
patented  in  Great  Britain  in  1935  and  in  the 
United  States  in  1938  (13,  14).  Dussek,  in 
1951,  discussed  the  performance  of  a  paving 
mixture  containing  ground  vulcanized  tire- 
tread  scrap  laid  in  1937  at  Clifton  Rise,  New 
Cross,  England  (15).  The  quantity  of  rub- 
ber used  in  this  paving  mixture  was,  however, 
much  greater  than  the  amounts  of  other 
rubber  powders  that  have  been  used  in  rubber- 
ized asphaltic  paving  mixtures.  At  the  time 
of  his  report,  the  pavement  was  said  to  be 
in  excellent  condition. 

With  the  exception  of  rubbers  R-7,  R-8, 
R-10,  R-13,  and  R-14,  all  the  rubbers  listed 
in  table  2  have  been  used  in  experimental 
sections  of  rubberized  asphalt  paving  mix- 
tures. Although  not  used  in  this  study, 
another  rubber  product  has  been  developed 
recently  and  has  been  used  in  asphaltic  pav- 
ing mixtures  (16,  17).     This  is  a  material  in 


which  a  GR-S  Type  II  rubber  latex,  similaj  ilk 
to  that  used  in  rubber  R-13  of  this  report 
is  co-precipitated  with  a  mineral  filler.  Th 
material  is  said  to  mix  more  readily  witl 
asphaltic  materials  either  alone  or  in  asphalti 
aggregate  mixtures. 

In  this  study,  no  attempt  was  made  fa 
examine  these  various  rubbers  chemically 
Determinations  of  specific  gravity,  bulk  den 
sity,  ash  content,  grading,  and  solubility  i: 
organic  solvents  were  made.  The  results  o 
these  and  other  tests  are  given  in  table  3. 

The  wide  range  in  specific  gravity  of 
various  rubbers  accounts,  no  doubt,  for  th 
tendency  of  some  of  them  to  settle  out  or  t 
float  to  the  surface  when  mixed  with  asphalti 
materials  and  allowed  to  stand  for  long  per: 
ods  of  time  in  a  fluid  condition.  This  tenc 
ency  was  noticed  particularly  for  thos 
rubbers  that  were  not  dispersed  readily  in  th 
asphaltic  materials.  Also,  because  of  thi 
wide  difference  in  specific  gravities,  propoi 
tioning  the  rubber  powders  on  a  weight  basi: 
as  used  in  this  study,  may  affect  the  compa: 
ative  results  slightly. 

Physical  Properties  Differ 

The  solubility  of  the  rubbers  in  the  organ  ' 
solvents  not  only  aids  in  distinguishing  tlj  up 
different  types  of  rubber  but  also  gives  a|  |t« 
indication  of  the  probable  solubility  of  th  Tki 
rubber  portion  of  a  rubber-asphalt  bleu  Id 
when  it  is  extracted  from  an  asphalt  mixtui|  mil 
for  the  determination  of  bitumen  content  |-|J, 
The  results  of  the  solubility  tests  showed  thij  ;-|;ji 
the  two  GR-S  Type  V  synthetic  rubbers  R-j  m 
and  R-9,  and  the  partially  vulcanized  natur  utl 
rubber  R-l,  had  similar  solubilities  in  tlj  ip 
three  solvents.  Of  the  reclaimed  rubbers,  R-j  It  p 
had  a  much  greater  solubility  in  all  solvent  g 
than  R-2,  R-3,  and  R-4.  It  is  of  inters  p 
to  note  that  the  processed  rubber  R-5  aij 
the  ground,  vulcanized  tire-tread  scrap  R-j 
had  similar  solubility  in  all  solvents.  The-  g 
was  considerable  variation  in  the  solubility  | 
the   GR-S    Type   II  rubbe'rs  R-7,  R-8,  aij 


Table  3. — Results  of  tests  on  rubber  powders 


Specific  gravity,  77°/77°  F. 
Bulk  density  in  air 

g./cmA. 
Organic     matter     insolu- 
ble- 

In  80°  B  naphtha 

percent - 

In  cold  CS2 do... 

In  hot.  CS2 do.-- 

In  hot.  C6Ha do..- 

Ash  hy  ignition do--. 

Loss  on  heating — 

At  212°  F.,  24  hr. 

percent 

At  325°F.,2hr..do..- 

At.325°F.,24hr.  do.._ 
Grading,  percentage  pass- 
in.' 

No.  10  sieve 

No,  20  sieve 

No.  30  sieve 

No.  40  sieve 

No.  .so  sieve  .-- 

No.  80  sieve 

No.  100  sieve 


Type  and  identification  of  rubber  powders 


PS 


0.980 
0.37 


M  S 
93.8 
91.4 
91.0 
6.2 


+0.65 
+0.86 
+0.  94 


100 
97 
83 
5' 
31 


1.122 
0.37 


71.1 
68.3 
64.3 
(14.  5 
9.4 


a>i-t  — - 


a  a 
■3C„ 


1.118 
0.31 


78.1 
71.5 
67.5 
67.  6 
8.1 


0.  35  0.  48 
0.51  0.51 
1    611       1    -J", 


1.121 
0.33 


72.1 
70.7 
67.2 
66.7 
8.7 


0.38 
0.19 
1.30 


£'1 


1.170 
0.37 


85.8 
84.  o 
82.0 
82.0 
6.6 


0.65 
+0.16 
+  1.12 


100 

100 


1.002 
0.33 


93.9 
93.8 
91.9 
91.1 
2.6 


0.30 

0.63 

+  1 


100 
100 


0.972 
0.28 


79.3 
44.1 
39.7 
60.0 
1.5 


0.31 
0.61 
0.20 


0.924 
0.21 


71 

54.1 

41.3 

77.3 

1 


0.32 
0.35 

+5.37 


78 

96 

!.; 

47 

30 

27 

18 

15 

10 

i 

4 

2 

2 

Ph 


0.975 
0.31 


92.4 
93.5 
90.6 
92.3 
2.6 


0.17 
0.34 
0.39 


100 

100 


0.935 
0.19 


64.0 
72.3 
65.0 


0.41 
1.06 

+4.83 


100 
83 
73 
59 
36 
15 


Ph 


1.070 
0.30 


66.0 
43.7 
41.0 
61.0 
14.3 


0.30 
+1.61 
+1.40 


100 
100 
89 
57 
31 
14 
10 


'"So 
—  >  »c 

5    I 

oj  P.CJ 
P3 


1.017 
0.39 


47.2 
46.7 
38.4 
64.5 
7.5 


0.2' 
+0.11 
+0.70 


100 

88 

75 
49 
27 

7 
4 


o  a 


1.189 
0.25 


61.6 
60.4 
58.3 
57.4 
14.0 


2 

1.52 

1.99 


1.12 
0.3 


+1. 

+1.( 

+1.5 
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ible  4. — Analysis  of  original  asphalts  used 
in  rubber-asphalt  blends 


Asphalt 

Asphalt 

Asphalt 

AC-1 

AC-2 

AC-3 

1    Specific  gravity,  77°/77°  F. . 

1.020 

1.012 

1.013 

Penetration,  100  g.,  5  sec. — 

At  50°  F 

20 

89 

24 
94 

16 
90 

At77°F..__ 

At95°F 

232 

238 

270 

Softening  point. °F.. 

118.0 

120.0 

113.2 

Ductility,  77°  F.._  ...cm.. 

+250 

195 

200 

Standard  oven  test,  5  hr., 

325°  F.: 

Loss.   .  percent.  . 

0.14 

0.02 

0.09 

Tests  on  residue: 

Penetration,  77°  F._ 

77 

76 

78 

Softening  point  °F__ 

122.0 

123.8 

114.4 

Ductility,    77°    F. 

cm.. 

+250 

160 

+250 

Thin-film  oven  test,  5  hr., 

325°  F.: 

Loss percent.  - 

0.28 

+0.01 

0.33 

Tests  on  residue: 

Penetration, 77°  F.. 

51 

56 

51 

Softening  point  °F- 

131 

134 

121 

Ductility,    77°    F. 

cm.. 

237 

52 

215 

1    Bitumen  soluble  in  CS2 

percent.  . 

99.89 

99.94 

99.95 

Organic  insoluble 

do.... 

0.09 

0.02 

0.00 

Inorganic  insoluble 

do.-_- 

0.02 

0.04 

0.05 

Oliensis  spot  test,  standard 

naphtha. 

Neg. 

Neg. 

Neg. 

L— 13,   except  in  hot  carbon   disulfide.     The 

isto  poly  butadiene  rubbers   R-10  and  R-14 

iffered  in  solubility  in  all  the  solvents. 

There  was  a  wide  range  in  the  percentage 

f  ash  by  ignition,  ranging  from  1.4  percent 

>r  rubber  R-10  to   14.3  percent  for  rubber 

13.     However,  only  in  the  case  of  rubbers 

l-13  and  R-14,  in  which  perlite  was  used  to 

revent  coagulation  of  the  rubber  particles, 

as  the  percentage  of  ash  considered  in  the 

roportioning  of  the   rubber-asphalt   blends. 

he   producer  suggested   that    6   percent   of 

lese  materials  be  used  for  comparison  with 

percent  of  the  other  synthetic  rubber  powders. 

The  reclaimed  rubbers  R-2,  R-3,  R-4,  and 

-15  and  synthetic  rubbers  R-7  and  R-9  all 

bst  weight  when  heated  under  all  the  condi- 

fions  described  in  the  table.     Rubbers  R-l 

tnd  R-l 6  increased  in  weight  for  all  conditions 

f  heating.     When  heated   for   24  hours   at 

25°  F.,  rubbers  R-l,  R-5,  R-6,  R-8,  R-10, 


R-13,  R-14,  and  R-16  increased  in  weight 
from  0.70  to  5.37  percent,  rubber  R-8  showed 
an  increase  of  5.37  percent,  and  rubber  R-10 
an  increase  of  4.83  percent. 

The  increase  in  weight  of  some  of  the  rub- 
bers indicates  that  oxidation  might  occur  when 
they  are  exposed  to  high  temperatures  such 
as  those  encountered  during  the  dry  mixing 
with  heated  mineral  aggregates  in  a  mixing 
plant.  The  fineness  of  the  rubber  powder  and 
the  large  surface  area  exposed  may  be  in- 
ducive  to  alterations  of  the  rubber  if  the 
temperature  is  too  high  or  the  mixing  period 
too  long. 

The  results  of  the  sieve  analyses  of  the 
various  rubbers  showed  that  there  was  a  wide 
range  in  their  fineness.  Rubbers  R-l,  R-5, 
R-9,  R-10,  R-13,  and  R-14  had  approxi- 
mately the  same  fineness,  while  rubbers  R-2, 
R-3,  R-4,  R-7,  R-8,  R-l 5,  and  R-16  were 
coarser,  and  rubber  R-6  was  much  finer  than 
those  in  the  first  named  group. 

Preliminary  Study  of  Blends 

Although  other  penetration  grades  of  petro- 
leum asphalts  were  used  in  the  investigation  of 
the  rubber-asphalt  blends,  the  test  results  of 
the  asphalts  most  extensively  used  are  given 
in  table  4.  These  were  of  the  85-100  pene- 
tration grade.  AC-1  is  a  vacuum-refined 
Venezuelan  asphalt  that  is  refined  along  the 
eastern  seaboard  and  is  used  extensively  in 
that  area.  AC— 2  came  from  a  midwest  pro- 
ducer and,  although  the  source  is  not  known,  it 
was  furnished  by  the  producer  who  supplied 
the  asphalt  used  in  the  rubberized  asphaltic 
concrete  constructed  on  Exchange  Street, 
Akron,  Ohio,  in  1948.  AC-3  is  a  California 
asphalt  of  the  low-gravity,  low-sulfur,  and 
low-asphaltene  type  that  is  extensively  used 
on  the  west  coast. 

All  of  the  rubbers  described  in  tables  2  and  3 
were  first  blended  with  the  Venezuelan  as- 
phalt AC-1.  Five  percent  of  rubber  by 
weight  of  the  blended  material  was  used  except 
for  rubbers  R-13  and  R-14,  for  which  6  per- 
cent   was    used.     (Since    this    percentage    is 


considered  equivalent  to  5  percent  of 
other  rubbers,  it  is  reported  as  5  percent  in 
table  5.)  These  blends  were  prepared  in  an 
oil-jacketed  heating  kettle  equipped  with  an 
electric  stirrer  for  circulating  the  oil,  a  thermo- 
static temperature  regulator,  and  a  motor- 
driven  stirrer  for  mixing  the  rubber  and 
asphalt  (fig.  1). 

With  this  equipment  the  temperature  could 
be  controlled  within  a  range  of  ±5°  F.  of  the 
desired  mixing  temperature.  For  the  blends 
prepared  at  300°  F.  it  was  necessary  to  main- 
tain the  temperature  of  the  oil  bath  at  approxi- 
mately 315°  F.  For  blends  prepared  at  higher 
temperatures,  this  differential  in  temperature 
was  a  few  degrees  more. 

In  preparing  the  rubber-asphalt  blends,  300 
grams  of  asphalt  were  heated  on  a  hotplate 
to  the  desired  mixing  temperature  and  weighed 
into  the  preheated  mixing  kettle.  The  desired 
amount  of  rubber  powder  was  then  added  to 
the  asphalt  with  the  stirrer  operating  at  a 
speed  of  approximately  200  r.p.m.  By  means 
of  a  rheostat  connected  to  the  motor,  this 
approximate  speed  was  maintained  through- 
out the  heating  and  mixing  period.  A  ther- 
mometer placed  in  the  mixture  indicated  the 
temperature  of  the  material  throughout  the 
mixing  process. 

In  the  preliminary  study,  the  original  as- 
phalt and  all  of  the  rubber-asphalt  blends 
were  heated  for  2  hours  at  300°  F.  The  litera- 
ture indicated  that  a  wide  variety  of  tempera- 
tures had  been  used  in  previous  investigations, 
but  a  temperature  of  300°  F.  was  selected  as 
being  reasonably  close  to  the  temperatures 
normally  used  in  hot  paving  plants  for  the 
85-100  penetration  grade  of  asphalt.  Prelim- 
inary Vork  also  indicated  that  usually  the 
maximum  effect  of  the  rubbers  can  be  ob- 
tained at  this  temperature  within  a  2-hour 
heating  period.  Endres,  et  al.  {12),  used  a 
temperature  of  302°  F.  and  a  heating  period 
of  5  hours  with  only  occasional  stirring,  while 
in  this  study  the  stirring  was  continuous. 

After  completion  of  the  2-hour  blending 
period,  the  rubber-asphalt  blends  and  the 
unblended  asphalts  were  tested  by  the  AASHO 


^able  o. — Results  of  tests  on  unblended  asphalt  AC-1  and  blends  containing  5  percent  of  various  rubbers  after  mixing  for  2  hours  at  300°  F. 


Un- 

Rubbers blended  (5  percent)  with  asphalt  AC-1 

blended 
asphalt 
AC-1 

R-l 

R-2 

R-3 

R-4 

R-5 

R-6 

R-7 

R-8 

R-9 

R-10 

R-13 

R-14 

R-15 

R-10 

Specific  gravity,  77°/77°  F 

1.019 

1.015 

1.022 

1.022 

1.027 

1.028 

1.015 

1.016 

1.014 

1.015 

1.007 

1.020 

1.020 

1.028 

1.025 

Penetration,  100  g.,  5  sec. — 

At  50°  F 

22 
87 
213 
118 

22 
66 
139 
143 

21 

76 

189 

123 

18 
80 
188 
122 

19 

78 

186 

119 

20 
73 
172 
124 

20 
71 
156 
125 

19 
68 
157 
128 

23 

73 

157 

135 

18 
67 
156 
126 

23 

71 
147 
136 

22 
73 
157 
134 

27 
73 
149 
136 

18 
73 
179 
124 

19 

H7 

156 

129 

At  77°  F 

At  95°  F 

Softening  point.. 

°F_. 

Ductility  77°  F 

-.0111-- 

195 

2S 

31 

38 

31 

13.5 

23 

32 

40 

19.5 

22.  5 

66 

38 

28 

20 

Rebound 

... percent  .. 

63 

48 

61 

58 

26 

13 

36 

55 

6 

43 

66 

60 

Hi 

49 

Ductility,  60°  F__ 

.  .  cm.. 

+250 

17.5 

12 

11 

10 

11.5 

12.5 

62 

74 

8 

18.  5 

41 

15 

12 

13 

Rebound 

percent .. 

40 

38 

39 

38 

50 

22 

45 

57 

38 

45 

54 

52 

17 

58 

Flow  at  140°  F.,  1  hr 

cm.. 

12.3 

3.7 

11.5 

10.8 

11.3 

10.5 

10.0 

7.9 

6.6 

9.7 

6.0 

3.9 

3.7 

12.6 

11.2 

Thin-film  oven  test: 

Loss  325°  F.,  5  hr 

percent.. 

0.25 

0.19 

0.35 

0.35 

0.40 

0.27 

0.24 

0.24 

0.28 

0.21 

0.26 

0.30 

0.30 

0.31 

0.  23 

Tests  on  residue: 

Penetration,  100  g.,  5  sec. — 

At  50°  F 

13 
51 
114 

17 
65 
242 

13 

47 
96 

13 
46 

100 

13 

46 
97 

13 

46 
98 

16 

52 
109 

17 
52 
111 

18 
56 
116 

15 
48 
99 

19 
57 
113 

"""57 

62 

15 

17 
98 

15 
47 
100 

At  77°  F 

At  95°  F 

Softening  point 

°F__ 

131 

129 

138 

136 

136 

138 

137 

137 

142 

142 

142 

151 

160 

142 

Hi) 

Ductility,  77°  F 

cm.. 

+220 

+250 

8 

10 

7.5 

12.  5 

12 

50 

40 

10 

25 

48 

14 

1 1 

12 

Rebound  _     .     ...     ...     ._ 

Soluble  in  CS2 

pep 
..do... 

99.89 

97.59 

34 

95.90 

94.  60 

47 
95.  42 

52 
95.30 

19 

95.22 

60 
97.94 

58 
98.37 

45 

94.90 

■IS 

97. 15 

59 
97.  69 

(Hi.  13 

hi 

Organic  insoluble 

do.... 

0.09 

2.12 

3.  63 

4.  97 

4.12 

4.24 

4.70 

1 .  96 

1.49 

4.(13 

2.80 

3.  '12 

4.  32 

do 

0.02 

0.29 

0.47 

0.43 

0.46 

0. 46 

0.08 

0. 10 

0.14 

0.  17 

1  11. 

0.  69 

1.34 

1.  21 

Organic  insoluble  in  86°  naphtha 

do.... 

19.59 

21.79 

21.77 

24.21 

21.37 

24.  30 

24,  19 

21.67 

21.56 

.'4.  39 

20.09 

(■) 

21.  15 

P) 

22.  s3 

(?) 

Oliensis  spot  test,  standard  naphtha 

P) 

(') 

(') 

P) 

(') 

(') 

(') 

(?) 

0) 

(') 

(3) 

1  Negative.       2  Positive.       '  Slightly  positive. 
'UBLIC  ROADS  •  Vol.  28,  No.  4 


67 


Fiiiiire  J. — .Mixing  kettle  used  for  preparing  rubber-aspfuilt  blends. 


test  methods  usually  employed  for  the  control 
of  asphalt  cements  and  also  by  methods  that, 
although  not  standard  for  these  materials, 
might  furnish  some  information  on  the  effect 
of  the  rubber  on  the  properties  of  the  asphalts. 

The  results  of  tests  on  the  5-percent  rubber 
blends  with  asphalt  AC-1  are  given  in  table  5. 
An  examination  of  the  test  data  in  this  table 
shows  that,  as  compared  with  the  unblended 
asphalt,  the  addition  of  5  percent  of  the  rubber 
powders  reduced  the  penetration  at  77°  F. 
from  7  points  for  the  reclaimed  rubber  R-3 
to  21  points  for  the  natural  rubber  R-l. 
The  softening  point  was  raised  25°  F.  for 
rubber  It  1  and  only  1°  F.  for  rubber  R-4. 
As  compared  with  the  unblended  asphalt,  the 
reduction  in  ductility  at  77°  F.  for  all  blends 
was  exceedingly  high — -the  most  ductile  blend, 
that  containing  rubber  R-13,  having  only  34 
percent  of  the  ductility  of  the  unblended 
asphal  t . 

In  the  thin-film  oven  tests,  the  rubber- 
asphalt  blends  behaved  like  the  unblended 
asphalt  except  that  the  ductility  at  77°  F.  of 
the  blend  containing  rubber  R-l  increased 
enormously    as    compared    with    the   original 


ductility  of  the  blend.  Blends  with  rubbers 
R-7  and  R-10  also  showed  some  increase.  In 
the  thin-film  oven  test  all  the  blends  and  the 
unblended  AC-1  asphalt  showed  a  material 
reduction  in  penetration  at  77°  F.,  except  the 
blend  containing  rubber  R-l,  which  had 
approximately  the  same  consistency,  before 
and  after  the  test.  The  softening  points  of 
residues  from  thin-film  oven  tests  increased 
from  7°  to  24°  F.,  except  for  the  softening 
point  of  the  blend  containing  rubber  R-l, 
which  decreased  14°  F. 

The  organic  matter  of  the  blends  insoluble 
in  carbon  disulfide  varied  from  4.97  for  the 
blend  with  rubber  R-3  to  1.49  for  that  with 
R-8.  The  blends  containing  the  GR-S  Type 
V  rubbers  R-6,  and  R-9,  the  reclaimed  rub- 
bers R-2,  R-3,  and  R-4,  the  processed  rubber 
R-5,  and  the  ground  tire  scrap  R-16,  all  were 
highly  insoluble  in  carbon  disulfide. 

In  making  the  Oliensis  spot  test,  results  of 
which  are  given  in  table  5,  standard  naphtha 
was  used  as  solvent  by  the  procedure  given 
in  AASHO  method  T  102-42.  It  is  apparent 
that  the  character  of  the  spot  is  influenced 
by  the  type  of  rubber.     Except  for  the  blend 


with    ground    scrap    rubber    R-16,    the    on! 
blends  that  showed  positive  spots  were  tho 
containing    synthetic    rubbers.     This    cone 
tion  may  be  due  either  to  the  solubility 
the  rubber  in  the  asphalt  and  solvent,  or 
the  presence  of  large  amounts  of  the  organ 
or  inorganic  material  added  to  the  rubber 
a     detackifier.     Blends     containing     rubbe 
R-13  and  R-14  contained  the  largest  amoui 
of  ash  and  gave  the  darkest  spot. 

Rubbers  Selected  for  Detailed  Stud 

On  the  basis  of  the  preliminary  study,  fi\ 
ubbers  were  selected  for  a  more  detaih 
study  so  that  the  various  kinds  of  rubb 
would  be  represented  and  also  so  that  rubbe: 
would  be  included  that  had  the  minimum  an 
maximum  effect  on  the  asphalt.  Thos 
selected  were  the  natural  rubber  R-l,  tl 
reclaimed  rubber  R-2,  the  GR-S  Type 
rubber  R-6,  the  polybutadiene  rubber  R-l 
and  the  GR-S  Type  II  rubber  R-13.  In 
few  of  the  tests  other  rubbers  were  als 
included. 

Blends  of  the  five  rubbers  with  the  thre 
asphalts  were  prepared  to  determine  the  effec 
of  rubber  content  and  of  the  time  and  ten 
perature  of  mixing  on  the  test  characteristic 
In  order  to  determine  the  effect  of  differer 
amounts  of  rubber  on  the  properties  of  th 
blends,  5.0,  7.5,  and  10.0  percent  of  eac 
rubber  were  added  to  the  asphalts.  As  mer 
tioned  previously,  due  to  the  large  amount 
inorganic  matter  used  as  a  detackifier  in  thl 
manufacture  of  rubber  R-13,  the  produce 
held  that  6  percent  of  this  material  would  b 
equivalent  to  5  percent  of  the  other  syntheti 
rubbers.  Therefore,  for  this  rubber  th 
blends  contained  6.0,  9.0,  and  12.0  percent  c 
the  powder  as  received  but  in  the  tables  an 
charts  these  percentages  are  reported  as  5.( 
7.5,  and  10.0.  As  in  the  preliminary  studj 
the  blends  were  prepared  by  mixing  th 
asphalt  and  rubber  at  300°  F.  for  2  hours 

In  the  preliminary  study  considerabl 
change,  as  evidenced  by  a  noticeable  increas 
in  consistency,  occurred  in  some  of  the  blend 
during  the  2-hour  mixing  period.  In  order  t 
determine  the  rate  and  extent  of  these  altera 
tions,  sufficient  material  was  removed  intei 
mittently  during  the  2-hour  period  of  mixin 
for  softening-point  determinations.     This  wa 


Table  6.— Effect  of  time  of  mixing  at  300°  F.  on  softening  point  of  asphalts  and  rubber-asphalt  blends 


II   VC  i  and  b  mixing 

Asphal  mixing 

90  ni 
120  i 
Asphall 
5  mill.  . 
30  mi 

120  Tin 


Softening  point  (in  °F.)  of  blend  containing  rubber  in  percentages  indicated 


Un- 
blended 

asphalt 


R-l 


R-2 


-/; 


ns.n 

IIS.  (I 
118.0 
118.0 
118.0 

120.0 
121.0 
121.2 
121.5 
121.  5 

113.2 
113.1 
113.5 
114.5 
114.8 


125.0 
133.5 
140  n 
143.0 
142.  5 

125.  5 
134.6 
142.0 

117  5 
147.3 

121.0 

127.11 
123.5 
120.0 


■5% 


5% 


131.0 
143.3 

153  ii 
158.6 
157.3 

120.7 
143.0 
156  - 
164.5 
162.3 

120.0 
137.0 
130.0 
123.  0 
121.  S 


152.0 
166.5 
172.5 
172.0 

133. 3 
151.5 
168.8 
181.5 
180.0 

126.5 
147.0 
136.3 
131.0 
129.3 


117.0 
122.7 
124.5 
121.3 
122.9 

121.  0 
123.5 

123.  3 
123.  5 
125.  5 

113.8 

115.0 
116.0 
116.3 
116.3 


122.4 
125.8 
126.0 
126  5 
128.8 

123.0 
125.8 
128.0 

128.0 
127.  5 

110.0 
1 1  7.  2 
117.0 
117.8 
118.3 


10% 


R-6 


5% 


123.3 
127.5 
129.  8 
130.8 
130.8 

124.0 
129.3 
Kill  5 
131.3 
131.8 

115.4 

118.5 
118.6 
119.8 

120.3 


125.  2 
124.9 
127.0 
125.6 

125.0 

125.  3 

120.0 
1  27.  8 
127.8 
127. 0 

119.0 

120.8 
120.0 
120.0 
120.0 


7.5% 


127.8 
129.0 
130.3 
130.  5 
130.  3 

128.8 
130.0 
131.2 
131.4 
131.6 


121.5 
122.0 
122.5 
123.0 
123.  4 


10% 


131.8 

134.  5 
132.3 
133.  5 
135.3 

134.0 

135.  0 
135.  0 
135.0 
135.0 

125.5 
126.5 
126.0 
126.5 
126.8 


R-10 


5% 


134.  5 
136.5 

135.  5 
136.0 
136.0 

138.6 
140.3 
140.3 
140.5 
141.0 

124.5 
124.0 
124.0 
124.0 
124.0 


7.5% 


144.8 
145.8 
146.3 
147.3 
146.5 

150.  5 
153.  5 
153.0 
153.5 
153.5 

130.5 
129.8 
129.9 
130.0 
129.8 


10% 


153.8 
158.0 
159.3 
161.1 
160.6 

160.3 
166.3 
107. 1) 
166. 8 
168.5 

136.3 
135  ii 
136.0 
136.3 
137.3 


R-13 


5% 


127.2 
132.  0 
134.0 
134.  3 
134.0 

127.3 
130.5 
137.4 
143.0 
142.8 

119.5 
125.8 
128.0 
128.8 
129.3 


7.5%         10% 


134.  5 
167.  0 
172.5 
175.  5 
174.0 

133.3 

156.0 
163.  5 
167.  5 
158.0 

123.3 
138. 0 
140.0 
141.5 
141.3 


144.5 
188.0 
lss  ll 
184.5 
181.0 

141.5 

178.0 
189.3 
1S6.5 
178.0 

131.0 
156.0 
156.2 
156.4 
155.5 
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Table  7.— Results  of  tests  on  asphalts  and  rubber-asphalt  blends  after  mixing  for  2  hours  at  300°  F. 


Blend  identification 


Unblended  AC-1_... 
Blend  of  AC- 1  and  - 

R-l,  5  percent--. 

R-l,  7.5  percent.. 

R-l,  10  percent-. 

R-2,  5  percent..- 

R-2,  7.5  percent.. 

R-2,  10  percent. . 

R-6,  5  percent. .. 

R-6,  7.5  percent.. 

R-6,  10  percent- . 

R-10,  5  percent. . 

R-10,  7.5  percent. 

R-10,  10  percent. 

R-13,  5  percent. . 

R-13,  7.5  percent 

R-13,  10  percent. 

Unblended  AC-2.... 
Blend  of  AC-2  and— 

R-l,  5  percent. .. 

R-l,  7.5  percent-. 

R-l,  10  percent. _ 

R-2,  5  percent-  __ 

R-2,  7.5  percent-. 

R-2,  10  percent.. 

R-6,  5  percent   .. 

R-6,  7.5  percent.. 

R-6,  10  percent. - 

R-10,  5  percent-. 

R-10,  7.5  percent. 

R-10.  10  percent- 

R-13,  5  percent.. 

R-13,  7.5  percent. 

R-13,  10  percent- 
Unblended  AC-3--. 
Blend  of  AC-3  and— 

R-l,  5  percent. __ 

R-l,  7.5  percent.. 

R-l,  10  percent.- 

R-2,  5  percent... 

R-2,  7.5  percent.. 

R-2,  10  percent. _ 

R-6,  5  percent... 

R-6,  7.5  percent.. 

R-6,  10  percent.. 

R-10,  5  percent-. 

R-10,  7.5  percent. 

R-10,  10  percent. 

R-13,  5  percent  . 

R-13,  7.5  percent. 

R-13,  lOpercent. 


Penetration,  100  gn\,  5  sec. 


At 
50°  F. 


22 
18 
19 
21 
17 
19 
20 
19 
17 
23 
23 
29 
22 
24 
24 

23 

20 
23 
19 
21 
24 
23 
23 
22 
21 
30 
32 
34 
27 
28 
28 


13 
20 
33 
15 
16 
16 
12 
13 
11 
16 
17 
20 
15 
16 
19 


At 
7°  F. 


66 
57 
51 
76 
68 
64 
71 
64 
58 
71 
65 
65 
73 
66 
65 

87 

67 


75 
69 

74 
67 
62 
75 
70 
69 
80 
73 
67 

86 

95 
101 
123 
82 
81 
79 
72 
66 
63 
77 
76 
76 
86 
82 
83 


At 
95°  F. 


139 
115 
99 
189 
156 
143 
156 
150 
12s 
117 
118 
107 
157 
120 
110 


125 
115 
97 
188 
168 
148 
171 
152 
132 
140 
120 
108 
158 
130 
109 

264 

272 
267 
268 
237 
223 
198 
200 
186 
165 
202 
174 
161 
217 
203 
183 


Soften- 
ing 

point. 


°  F. 
118.0 

142.5 
157.  3 
172.0 
122.  9 
128.8 
130.8 
125.0 
130.  3 
135.3 
136.0 

146.  5 

160.6 
134.0 
174.0 
181.0 

121.5 

147.3 
162.3 
180.0 
125.5 
127.  5 
131.8 
127.0 
131.6 
135.0 
141.0 
153.5 
168.5 
142.8 
158.0 
178.0 

114.8 

118.0 
121.8 
129.  3 
116.3 
118.3 
120.3 
120.0 
123.4 
126.8 
124.0 
129.8 
137.3 
129.3 
141.3 
155.5 


Ductility.  77°  F. 


Elonga- 
tion 


Cm. 
195 

28 
20 
8 
31 
16 
10 
23 
19 
16 

22.5 
18 

11.5 
66 
:;l 
25 

159 

15 

8 

4.5 
15.5 

8.5 

9 

17.5 
14.5 
12 
13 

7.8 

4 
43 
32 
18 


+250 

+250 

+250 

■\  250 

32 

19 

16 

25 

21 

18. 

49 

36 

34 

+250 

+250 

205 


Rebound 


Percent 


63 
60 
63 
48 
37 
37 
13 
19 
23 
43 
47 
52 
66 
72 
73 


60 
56 
67 
32 
29 
35 
17 
19 
20 
46 
39 
56 
70 
67 
63 


57 
49 
49 
16 
17 
15 
43 
50 
57 


Flow, 
110"  F., 
1  horn- 


Cm. 
12.3 

3.7 
1.6 
1.1 

11.5 
7.0 
4.5 

10.0 
7.3 
6.5 
6.0 
1.9 
1.0 
3.9 
1.2 
1.0 

14.5 

3.5 
1.2 
0.8 
9.8 
8.4 
5.2 
8.7 
7.8 
5.5 
3.6 
1.9 
.8 
3.2 
1.9 
1.0 

15.0 

12.5 
10.8 
7.5 
13.4 
10.2 
8.5 
12.7 
11.6 
9.3 
10.4 
8.1 
3.8 
6.  1 
2.9 
1.4 


Thin-film  oven  test,  H-in.  film,  5  hr.,  325°  F. 


Loss 
on 

heating 


/'<  rci  hi 
0.25 


.35 
.41 
.  56 
.24 
.26 
.26 
.26 
.32 
.33 
.30 
.33 
.33 

+.05 

.00 
.00 
.04 
.11 
.08 
.22 
.04 
.04 
.07 
.05 
.10 
.11 
.06 
.16 
.16 

.33 

.41 
.36 
.14 
.43 
.50 
.57 
.37 
.34 
.32 
.32 
.36 
.38 
.41 
.41 
.46 


Tests  on  residue 


Penetra- 
tion, 
77°  F. 


65 
62 

67 
17 
46 
40 
52 
4l. 
■II, 
57 
56 
56 
57 
53 
54 


72 
71 
81 
52 
49 
49 
59 
58 
:,! 
63 
61 
63 
65 
62 
en 


65 
73 
82 
48 
47 
49 
49 
48 
45 
62 
62 
59 
54 
59 
58 


Soften- 
ing 
point 


°  F. 
131 

129 
134 
142 
138 
142 
149 
137 
140 
145 
142 
15!) 
174 
151 
171 
184 


131 
137 
144 
141 
145 
149 
136 
140 
146 
147 
102 
179 
150 
178 
184 


120 
120 
120 
126 
130 
134 
129 
132 
135 
130 
138 
161 
130 
149 
170 


Ductility,  77°  F. 


Elonga- 
tion 


Cm. 
+220 

+250 
135 
65 

8 

9 

8 
12 
10.5 

9 
25 
16.5 

9 
48 
27 
22 

45 

53 

22 

18.5 

15.5 
8.5 
9.0 
7.5 
6 
6.5 

15.5 

10 
5 

31 

24 

28.5 

235 

+250 
+250 
+250 

14.5 

17.0 

15.0 

27 

24 

24 
113 

80 

75 

+250 

190 

130 


Rebound 


Percent 


35 
34 
19 
58 
19 
43 


48 
50 
55 
59 
66 


31 

34 
36 
50 
54 
37 
14 
4(1 
48 
50 

50 

63 
63 

58 


43 
48 
50 
37 
21 
::■> 
65 
73 
71 


Solu- 
bility 
in  CS2 


Percent 
99.89 

97.59 
96.30 

96.  53 
95.90 
94.08 
92.  26 
95.  22 
92.79 
91.53 
97.15 

95.  ill 

94.  20 

97.  69 

96.  13 
95.11 

99.94 

97.69 

97.  10 
95.24 
96.12 
93.93 
92.50 

95.  01 
I).'  64 
90.05 
96.85 
95.  f.l 
94.31 

98.  02 
96.85 
95.64 

99.95 

98  98 

98.85 
98.10 

90.  00 
93.59 

91.  30 
94.  95 

92.  69 
90.40 
97.14 
94.  56 
92.88 
96.96 
97.02 
96.08 


done  after  5,  30,  60,  and  90  minutes  of  mixing. 
A.t  the  end  of  2  hours  the  blend  was  removed 
rrom  the  heating  kettle  and  tested  for  pene- 
tration at  50°,  77°,  and  95°  F.,  softening  point, 
ductility,  oven  heat,  flow,  and  solubility  tests. 
The  results  of  the  softening-point  tests  on 
samples  taken  at  intervals  during  the  2-hour 
heating  period  are  given  in  table  6  and  the 
results  of  tests  on  the  blends  at  the  end  of  2 
hours  are  given  in  table  7. 

Changes  occurring  in  the  rubber-asphalt 
blends  during  the  2-hour  heating  and  mixing 
period,  as  indicated  by  the  softening-point 
test,  are  shown  in  figures  2,  3,  and  4  for  the 
blends  prepared  with  asphalts  AC-1,  AC-2, 
and  AC-3,  respectively.  The  effect  of  heat- 
ing on  the  softening  points  of  the  asphalts 
without  rubber  also  is  shown. 

It  is  of  interest  to  note  the  wide  difference  in 
the  change  of  softening  point  caused  by  the 
various  kinds  of  rubber  during  the  mixing 
period.  When  the  rubber  content  of  the 
blend  was  increased  there  was  a  much  greater 
rise  in  softening  point  for  some  of  the  rubbers 
than  for  others.  This  was  particularly  true 
for  the  mixtures  containing  rubbers  R-l  and 
R-13,  with  all  the  asphalts 
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The  effect  of  rubber  content  on  the  softening 
point  of  the  blends  is  more  clearly  shown  in 
figure  5  where  the  rubber  content  is  plotted 
against  the  actual  increase  in  softening  point 
during  the  2-hour  mixing  period.  For  some 
of  the  rubber-asphalt  blends,  the  maximum 
increase  occurred  within  the  2-hour  period. 
This  was  particularly  true  for  the  blends  of 
asphalts  AC-1  and  AC-2  with  the  synthetic 
rubber  R-13,  and  of  AC-3  with  the  natural 
rubber  R-l.  Therefore,  two  sets  of  curves 
are  shown  for  these  particular  blends:  The 
solid-line  curves  show  the  increase  in  softening 
point  at  the  end  of  the  2-hour  mixing  and  the 
broken-line  curves  show  the  maximum  in- 
crease that  developed  during  the  mixing 
period. 

Considering  these  maximum  increases,  the 
order  in  which  the  rubbers  increased  the 
softening  point  was  the  same  for  each  asphalt 
used,  but  the  amount  of  increase  varied  with 
the  source  of  asphalt,  Thus,  not  only  the 
type  and  amount  of  rubber  affects  the  soften- 
ing point  but  the  source  of  the  asphalt  is  also 
of  considerable  importance.  The  influence  of 
the  source  of  the  asphalt  on  the  changes  in 
softening  point  during  the  time  of  heating  for 


blends  containing  7.5  percent  of  natural 
rubber  R-l  is  shown  in  figure  6.  In  general, 
the  effect  of  source  of  asphalt  is  more  pro- 
nounced for  those  rubbers  that  cause  the 
greater  changes  in  softening  point.  It  can 
be  seen  in  figures  2,  3,  and  4  or  figure  5  that 
rubber  R-13  as  well  as  Rubber  R-l,  shown  in 
figure  6,  increased  the  softening  point  of 
asphalts  AC-1  and  AC-2  much  more  than 
they  did  the  softening  point  <  f  AC-3.  It  also 
can  be  seen  that  rubbers  R-2  and  R-6 
produced  little  change  in  softening  point  of 
any  of  the  asphalts. 

Effect  on  Penetration 

Penetration  tests  were  made  at  50°,  77°, 
and  95°  F.  on  the  various  rubber-asphalt 
blends.  These  results  are  used  to  show  the 
change  in  consistency  and  to  determine  a 
susceptibility  factor.  The  effect  of  the  addi- 
tion of  rubber  to  the  asphalts  on  pene  rat  ion 
is  illustrated  in  figure  7.  In  general,  the 
addition  of  rubber  to  the  asphalt  resulted  in 
a  decrease  in  penetration  at  77°  F.  For  all 
rubbers  the  penetration  decreased  with  in- 
crease  in  rubber  content,  except  for  the  blend 
of  asphalt  AC-3  and  the  natural  rubber  R-l. 
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Figure  2. — Change  in  softening  point  during  heating  of  blends  of  asphalt  AC-1  with  various  amounts  of  powdered  rubbers. 


\-  mentioned  previously,  there  was  a  pro- 
nounced decrease  in  softening  point  of  this 
same  blend  during  the  2-hour  heating  period, 
which  indicated  some  decomposition  of  the 
rubber.  This  change  is  further  reflected  in 
the  higher  penetration  values  obtained. 

Other  investigators  have  shown  that  the 
adrlition  of  rubber  reduces  the  susceptibility 
of  asphalt  to  change  in  consistency  with 
change  in  temperature.  A  previous  study  of 
asphalt  cements  lias  shown  that  the  slope  of 
log-penetration-temperature  curves  gives  a 
true  measure  of  the  susceptibility  f  asphalts 
to  temperature  (18).  Therefore,  the  pene- 
tration value-,  obtained  al  50°,  77°,  and  '.to0  F. 
iven  n  table  7  for  the  various  rubber- 
asphalt  blends  were  plotted,  and  the  slopes  of 
the  resulting  lines  calculated  from  the  following 
I  ion: 

log  P2-log  /', 


Slope=- 


Tx 


when  :  1\  are  penetrations  at   the  two 

!  tires  1':  and  T  i  es  Fahrenheit. 

For   most    of   the   blends   the   plot    of   log- 
penetration     versus    temperature    resulted     in 
lines      through      the      three      points. 
i-  to  this   were  the  blends  prepared 
^C-3  and  rubbers  1{-1  and  R    I ::. 
Here  >e  points  were  not  linear  and 

compj  c  Were  calcu- 

raighl  lines  through  the  pern 
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tions  at  77°  and  95°  F.  The  results  of  the 
calculated  slopes  are  given  in  table  8.  In 
general,  the  susceptibility  of  the  asphalt  as 
measured  by  the  slope  of  the  log-penetration- 
temperature  curves  was  decreased  by  the 
addition  of  rubber,  the  amount  of  decrease 
being  greater  with  increase  in  rubber  content. 
The  effect  of  the  rubber  on  lowering  the  sus- 
ceptibility varied  with  the  type  of  rubber  and 
also  with  the  asphalt  used.  For  each  of  the 
three  asphalts  used  here,  the  greatest  reduc- 
tion was  produced  with  rubbers  R-10  and 
R-13  and  the  least  reduction  'with  rubbers 
R-2  and  R-6. 

Susceptibility  to  Temperature 
Change 

The  report  on  paving  asphalts  of  the  50-60 
and  85-100  penetration  grades  (18)  showed 
that  the  slope  of  the  log-penetration-tempera- 
ture curves  for  the  50-60  grades  varied  from 
0.0172  to  0.0307,  with  an  average  of  0.0230, 
and  for  the  85-100  grade  varied  from  0.0188 
to  0.0324,  with  an  average  of  0.0242.  The 
slope  of  the  log-penetration-temperature 
curves  of  highly  blown  asphalts  (19),  of  ap- 
proximately 50  penetration,  used  in  sealing 
expansion  joints  in  concrete  pavements,  varied 
from  0.0090  to  0.0125,  with  an  average  of 
0.0105.  Although  other  investigators  have 
shown  that  rubber  reduces  the  susceptibility 


of  paving  asphalts  to  temperature  change,  it 
is  of  interest  to  note  that  the  slope  values  oi 
many  of  the  rubber-asphalt  blends  given  in 
fable  8  are  within  the  range  of  the  values  ol 
the  paving  asphalts  and  that  only  two  blends 
have  slope  values  within  the  range  of  those  ol 
the  highly  blown  asphalts. 

The  decrease  in  susceptibility  to  change  ii 
consistency   with   change  in   temperature   bj 

Table  8. — Slope  of  log-penetrat ion-temper 
ature  curves  of  the  original  asphalts  anc 
the  rubber-asphalt  blends 


Rubber  in  blend 

Slope  of  curve  for  blend  with 
asphalt 

AC-1 

AC-2 

AC-3 

None 

0.  0218 

0. 0226 

0. 0265 

R-l,  5  percent 

R-l,  7.5  percent . 

R-l,  10  percent 

.0179 
.0174 
.0162 

.0165 
.0155 
.0150 

i  . 0258 
i  . 0238 
i  .  0189 

R-2,  5  percent. 

R-2,  7.5  percent 

R-2, 10  percent..     . 

.(1217 
.0204 
.0194 

.0207 
.0197 
.0184 

.0264 
.  0249 
.0231 

R-fi.  5  percent 

R-6,  7..ri  percent 

R-fi,  10  percent 

.0198 
.0196 
.  0195 

.0202 
.0201 
.0185 

.0250 
.  0253 
.0235 

R-10,  5  percent 

R-10,  7.5  percent 

R-10,  10  percent 

.0176 
.0146 
.0128 

.0150 
.0130 
.0111 

.0234 
.0204 
.0185 

R-13,  5  percent. 

R-13,  7.5  percent 

R-13,  10  percent 

.0187 
.  0146 
.0128 

.0165 
.0140 
.0115 

I  . 0228 
i  .  0220 
'  .0192 

1  Values  taken  from  curves  from  77°  to  95°  F. 


October  1954  •  PUBLIC   ROAO 


180 


160 


140 


120 


100 


^ 

10 

%       „ 

s 

■ — °       s*/.       ° 

i 

o- 

0 

R-2 

o 

10% 

7  i  % 

5  V. 

R-6 

BLENDS      WITH      ASPHALT       AC-2 


r° 


160 


140 


120 


100 


10 

% 

0____ ' 

o 

7i% 

u~ 

5 

V. 

— n 

c 

R-10 

-c 

UNBLENDED    AC-2 

25 


50 


75 


100 


25  50  75  100 

TIME   OF    HEATING    AT    300' F., MINUTES 


25 


50 


75 


100 


Figure  3.— Change  in  softening  point  during  heating  of  blends  of  asphalt  AC-2  with  various  amounts  of  pondered  rubbers. 


the  addition  of  rubber  should  result  in  a  rub- 
ber-asphalt blend  that  has  a  higher  penetration 
at  low  temperature  and  a  lower  penetration  at 
high  temperature  than  the  untreated  asphalt. 
Such  changes  in  penetration  characteristics 
would  make  the  pavement  less  brittle  in  cold 
weather  and  more  stable  in  hot  weather.  In 
order  to  determine  the  effect  of  the  various 
rubbers  on  the  penetration  at  low  and  high 
temperatures,  penetration  values  at  32°  and 
100°  F.  were  extrapolated  from  the  log-pene- 
tration-temperature curves.  Although  these 
are  not  the  extreme  temperatures  that  the 
asphalt  might  be  subjected  to  in  service  they 
are  suitable  for  comparative  purposes.  The 
results  of  the  extrapolated  penetration  values 
are  given  in  table  9. 

Except  for  rubbers  R-2  and  R-6  with 
asphalt  AC-1,  the  penetrations  of  the  rubber- 
asphalt  blends  at  32°  F.  were  higher  than  for 
the  asphalts  themselves.  Rubbers  R-10  and 
R-13  with  all  three  asphalts  and  rubber  R-l 
with  AC-3  showed  a  marked  increase  in  pene- 
tration with  increase  in  rubber  content.  The 
penetrations  of  all  the  rubber-asphalts  were 
lower  at  100°  F.  than  the  penetration  of  the 
corresponding  unblended  asphalt.  For  each 
rubber  and  asphalt  the  penetration  was  de- 
creased by  increase  of  the  rubber  content. 

It  is  apparent  that,  in  general,  the  rubbers 
do   cause  an   increase  in  penetration  at  low 
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temperature  and  a  decrease  in  penetration  at 
high  temperature.  It  also  is  apparent  that 
the  changes  produced  are  not  the  same  for 
each  type  of  rubber  and  asphalt. 

Effect  on  Ductility 

Ductility  tests  were  made  on  the  original 
asphalts  and  the  various  rubber-asphalt  blends 
after  heating  at  300°  F.  for  2  hours,  as  shown 
in  tables  5  and  7.  In  the  preliminary  study 
ductility  tests  were  made  at  both  60°  and  77° 
F.,  while  in  the  more  detailed  study  ductility 
tests  were  made  at  77°  F.  only. 

In  general,  the  addition  of  rubber  to  the 
asphalt  caused  a  reduction  in  ductility  at  77° 
F.  The  exceptions  to  this  were  the  blends  of 
asphalt  AC-3  containing  5.0,  7.5,  and  10.0 
percent  of  rubber  R-l  and  the  same  asphalt 
with  5.0  and  7.5  percent  of  rubber  R-13.  It 
is  probable  that  the  ductility  of  many  of  the 
blends  was  affected  by  the  presence  of  free 
particles  of  rubber.  For  those  blends  that 
had  little  or  no  decrease  in  ductility,  the  rubber 
was  more  completely  dispersed.  For  the 
blends  of  rubber  R-l  and  R-13  with  asphalt 
A< '  :;.  the  ductility  was  indeterminable  except 
for  the  10-percent  blend  of  rubber  R-13  due 
to  the  fact  that  their  ductility  was  beyond  the 
capacity  of  the  ductility  machine.  Figure  8 
shows  the  effect  of  rubber  content  on  the 
ductility  of  some  of  the  rubber-asphalt  blends. 


In  the  studies  of  paving  asphalts  previously 
referred  to  (18),  when  50-60  and  85-100  pen- 
etration asphalts  were  subjected  to  lower  tem- 
peratures, the  values  for  ductility  decreased, 
and  at  some  definite  temperature  for  the  par- 
ticular type  of  asphalt  it  became  zero.  For 
instance,  the  ductility  of  50-60  penetration 
asphalts  when  tested  at  77°  F.  at  5  cm.  per 
minute,  had  ductilities  of  from  27  to  250+  cm. 
with  an  average  of  175.5.  The  ductility  of 
85-100  penetration  asphalts  under  the  same 
conditions  had  ductilities  of  101  to  250+  cm. 
with  an  average  of  179.8.  At  39.2°  F.,  ui 
a  pull  of  5  cm.  per  minute,  the  ductility  of  the 
same  asphalts  varied  from  0  to  4.0  cm.  with 
an  average  of  1.6  cm.  for  the  50-60  grade  and 
from  0  to  9.7  cm.  with  an  average  of  4.3  em. 
for  the  85-100  grade.  Compared  with  paving 
asphalts,  blown  asphalts  have  a  low  rate  of 
change  in  ductility  with  change  in  temperature. 

Low- Temperature  Ductility 

Ductilities  of  the  asphalts  and  rubber-asphalt 

blends  containing  7.5  percent  of  the  various 
rubbers  were  determined  a1  39.2°,  60°,  and 
77°  F.  and  the  results  are  given  in  table  10. 
The  effect  of  temperature  on  ductility  for  the 
original  asphalts,  the  rubber-asphalt  blends, 
and  a  typical  blown  asphalt  included  for  com- 
parison is  shown  in  figure  9. 
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Figure  4. — Change  in  softening  point  (luring  heating  of  blends  of  asphalt  AC-3  with  various  amounts  of  powdered  rubbers 


In  the  majority  of  cases,  the  rubber-asphalt 
blends  did  not  change  in  ductility  with  change 
in  temperature  when  tested  at  5  cm.  per  min- 
ute as  slowly  as  the  typical  blown  asphalt  also 
shown  in  figure  9,  or  as  rapidly  as  the  un- 
blended petroleum  asphalts.  However,  the 
ductility  of  the  blends  of  rubbers  R-7  and  R-13 
with^asphalt  AC-1  and  of  rubber  R-13  with 


asphalt  AC-2  increased  as  the  temperature  of 
test  was  lowered,  and  at  39.2°  F.  these  ma- 
terials had  ductilities  much  higher  than  many 
normal  asphalts  at  temperatures  producing 
maximum  ductility.  While  the  unblended  as- 
phalt AC-3  had  no  ductility  at  39.2°  F.,  the 
rubber-blend  with  7.5  percent  of  R-l  rubber 
had  a  ductilitv  of  70  cm.     The  addition  of  7/5 


percent  R-13  rubber  to  AC-3  gave  ductilitie.- 
greater  than  the  capacity  of  the  testing  ma 
chine  at  all  test  temperatures.  This  is  a  most 
unusual  condition  and  it  indicates  that  natural 
rubber  with  asphalt  AC-3,  and  the  GR-S  typej 
II  rubber  with  all  asphalts,  definitely  improve 
the  low-temperature  ductility  characteristics 
of  the  asphalts  covered  in  this  study. 
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Rebound  After  Ductility 

During  the  preparation  and  the  handling  of 
the  various  rubber-asphalt  blends,  it  was  noted 
that  there  was  considerable  difference  in  their 
elastic  properties.  The  blends  containing 
rubbers  R-1  and  R-13  particularly  showed 
ability  to  recover  to  their  original  shape  when 
deformed.  In  order  to  get  some  measure  of 
this  elastic  behavior,  the  following  data  was 
obtained  from  the  ductility  test. 

After  the  material  was  elongated  to  the 
point  of  rupture  in  the  ductility  test,  the 
elongated   specimen   was  allowed   to   remain 


undisturbed  for  15  minutes  and  the  length  of 
the  broken  threads  was  measured.  The 
amount  of  original  elongation  less  the  length 
after  15  minutes  was  termed  the  rebound. 
This  rebound  in  centimeters  was  calculated 
as  a  percentage  of  the  original  elongation. 
These  values  are  given  in  tables  5  and  7  for  the 
original  blends  and  for  the  residues  of  the 
blends  from  the  thin-film  oven  test. 

Due  to  the  high  ductility  values  and  to  the 
fineness  of  the  broken  thread,  the  rebound  of 
unblended  asphalts  AC-1,  AC-2,  and  AC-3, 
all  blends  of  AC-3  containing  rubber  R-1,  and 
the  5-  and  7.5-percent  blends  of  rubber  R-13 


Table  9. — Penetration  of  asphalts  and  rub- 
ber-asphalt blends  at  32°  and  100°  F. 
(extrapolated  from  log-penetration-tem- 
perature curves) 


Rubber  in 
blend 

Penetration,  100  g.,  5  sec— 

At  32°  F. 

At  100°  F. 

AC-1 

AC-2 

AC-3 

AC-1 

AC-2 

AC-3 

None.. 

9.0 

10.3 
9.6 
9.4 

8.2 
8.3 
8.4 

9.0 
8.5 
7.6 

11.3 
14.0 
18.7 

10.5 
14.5 
17.3 

8.0 

12.0 
12.0 
10.8 

9.3 

9.6 
10.2 

9.2 
8.4 
9.0 

15.8 
18.3 
21.6 

13.9 
16.4 
19.0 

4.8 

'6.8 

"  S.O 
'17.3 

5.4 
6.1 

7.2 

5.3 
4.9 
5.6 

6.8 
8.2 
11.0 

'8.0 
■8.5 
'11.0 

275 

170 
140 
119 

240 
196 
176 

198 
182 
160 

180 
138 
126 

195 
142 
127 

295 

160 
138 
125 

235 
218 
180 

215 
190 
164 

167 
138 
121 

150 
127 
106 

365 

363 
358 
330 

330 
293 
263 

262 
241 
217 

2C1 
227 
197 

282 
260 
227 

R-1,    5    per- 
cent  

R-1,  7.5  per- 
cent  

R-1,   10  per- 
cent  

R-2,    5    per- 
cent  

R-2,  7.5  per- 
cent   ... 

R-2,   10  per- 
cent— 

R-6,    5    per- 
cent  

R-6,  7.5  per- 
cent  

R-6,   10  per- 
cent  

R-10,  5  per- 
cent..    .     . 

R-10,  7.5  per- 
cent  

R-10,  10  per- 
cent..  

R-13,  5  per- 
cent  

R-13,  7.5  per- 
cent... 

R-13,  10  per- 
cent..  

1  Values  extrapolated  from  curves  through  penetrations  at 
77°  and  95°  F. 


and  AC-3  could  not  be  determined.  The  data 
in  table  7  show,  in  general,  that  for  the  blends 
of  asphalts  AC-1  and  AC-2  with  various 
amotmts  of  rubber,  those  containing  rubbers 
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Figure  7. — Effect  of  rubber  content  on  penetration  of  rubber -asphalt  blends. 
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R-l  and  R-13  had  the  highest  amount  of 
rebound  and  those  containing  R-2  and  R-6 
the  lowest  rebound. 

Elasticity  Measured 

The  development  or  increase  in  elasticity 
of  asphaltic  materials  has  been  considered  as 
one  of  the  more  important  changes  induced 


by  the  addition  of  rubber.  Such  data  as  those 
obtained  by  measuring  the  rebound  of  the 
broken  thread  after  the  ductility  test  no  doubt 
indicates  this  elastic  property.  However,  this 
test  is  limited  generally  to  relatively  short 
elongations,  that  is,  those  less  than  100  cm. 
Since  some  of  the  asphalts  and  rubber-asphalt 
blends   had   elongations   well   over    100,    the 


blends. 

rebound  could  not  be  determined.  Therefore, 
another  test  was  developed  in  the  laboratory 
by  which  the  difference  in  elastic  properties 
could  be  measured. 

In  this  test  a  determination  was  made  of  the 
time  required  for  a  steel  cylinder  1  inch  in 
diameter  and  weighing  200  grams  to  penetrate 
into  the  asphalts  or  rubber-asphalt  blends  to  a 
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Table  10. — Results  of  ductility  tests  on 
asphalts  and  blends  containing  7.5  per- 
cent rubber 


Ductility  at — 

Blend  identification 

5  cm.  per  min.  at — 

1  cm. 

per  min. 

at  39.2° 

F. 

77°  F. 

60°  F. 

39.2°  F. 

Unblended  AC-1._ 
Blend  of  AC-1  and 
7.5  percent  of — 
R-l  _. 

Cm. 
195.0 

20.0 
16.0 
19.0 
42.0 
18.0 
34.0 
19.0 

159.0 

8.0 
8.5 

14.5 
7.8 

32.0 

+250 

+250 
19.0 
21.0 
36.0 

+250 

Cm. 
+250 

11.0 

10.0 
9.5 

60.0 
8.0 

32.0 
9.0 

80.0 

5.0 
6.5 
6.0 
5.0 
30.0 

+250 

+250 
20.0 
22.0 
36.0 

+250 

Cm. 
8.5 

3.5 

5.0 
4.5 
239.0 
2.5 
+250 
3.0 

5.3 

3.0 
4.0 
3.5 
2.3 
75.0 

0 

70.0 
7.0 
1.0' 
7.0 
+250 

Cm. 
32.0 

3.5 
8.0 
6.0 

123.0 
3.3 

110.0 
3.0 

8.0 

3.5 
5.2 
3.8 
2.5 
22.0 

+250 

158.0 

15.5 

13.0 

20.0 

+250 

R-2 

R-6 

R-7 

R-10- 

R-13 

R-14___ 

Unblended  AC-2.. 
Blend  of  AC-2  and 
7.5  percent  of— 
R-l 

R-2. 

R-6 

K-10 

R-13. - 

Unblended  AC-3.. 
Blend  of  AC-3  and 
7.5  percent  of— 
R-l 

R-2 

R-6  .- 

R-10 

R-13 _ 

total  depth  of  0.6  inch  under  a  superimposed 
load  of  10  pounds.  Immediately  after  the 
cylinder  had  penetrated  the  material  to  a 
depth  of  0.6  inch,  the  10-pound  load  was 
removed  and  change  in  the  depth  of  penetra- 
tion of  the  cylinder  was  determined  at  1- 
minute  intervals  for  a  total  of  5  minutes. 
The  results  of  these  tests  are  given  in  table  11. 
A  plot  of  the  depth  of  penetration  against 
the  time  of  penetration,  both  on  logarithimic 
scales,  resulted  in  linear  relation  for  the 
unblended  asphalt  and  for  various  rubber- 
asphalt  blends.  This  relation  is  shown  in 
figure  10  for  asphalt  AC-1  and  the  blends  con- 
taining 5  and  10  percent  of  rubbers  R-l,  R-2, 
R-6,  R-10,  and  R-13.  Although  the  straight 
fines  are  approximately  parallel,  they  show 
the  wide  effect  of  the  various  amounts  and 
types  of  rubber  on  the  resistance  to  penetra- 
tion of  the  cylinder.     For  instance,  it  took  38 
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Figure  10. — Effect  of  time  on  penetration  of  a  1-inch,  200-gram  cylinder  under  a  10-pound 
load  into  blends  of  asphalt  AC-1  and  various  powdered  rubbers  {tested  at  77°  F.). 


times  as  long  for  the  cylinder  to  penetrate  0.6 
inch  in  the  blend  containing  10  percent  of 
rubber  R-l  as  it  did  in  the  asphalt  itself. 
Blends  containing  rubber  R-2  showed  the 
least  resistance  to  penetration,  the  time  of 
penetration  of  the  10  percent  blend  being 
only  2.6  times  that  of  the  asphalt. 

In  figure  11  the  change  in  depth  of  the 
cylinder  after  removing  the  10-pound  load  is 
plotted  against  the  time  of  recovery  for  asphalt 
AC-1  and  the  blends  containing  5,  7.5,  and  10 
percent  of  the  various  rubbers.     Although  the 


Table  11.- 


-Results  of  special  penetration  and  recovery  tests  '  on  asphalt  AC-1  and  rubber- 
asphalt  blends 


Blend  identification 

Time  for  loaded  cylinder  to  penetrate — 

Reco\ 

ery  of  unloaded  cylinder  aftei  — 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

1 

2 

3 

4 

5 

inch 

inch 

inch 

inch 

inch 

inch 

minute 

minutes 

minutes 

minutes 

minutes 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

0.001  in. 

0.001  in. 

0.001  in. 

0.001  in. 

0.001  ip. 

Unblended  AC-1 

2 

6 

11 

18 

24 

37 

-16 

-30 

-47 

-59 

-75 

Blend  of  AC-1  and— 

R-l,  5  percent 

9 

27 

50 

78 

108 

142 

45 

53 

57 

57 

57 

R-l,  7.5  percent. __ 

38 

116 

215 

324 

447 

580 

30 

38 

44 

46 

49 

R-l,  10  percent 

99 

296 

535 

800 

1,090 

1,413 

30 

37 

40 

44 

47 

R-2,  5  percent 

3 

8 

16 

26 

38 

57 

18 

10 

3 

-15 

-28 

R-2,  7.5  percent... 

4 

13 

25. 

43 

65 

94 

33 

34 

31 

27 

23 

R-2,  10  percent 

5 

14 

27 

45 

68 

95 

44 

45 

41 

38 

33 

R-6,  5  percent 

4 

11 

21 

35 

51 

71 

10 

15 

7 

-1 

-10 

R-6,  7.5  percent- .. 

6 

17 

32 

53 

78 

109 

32 

29 

27 

22 

17 

R-6,  10  percent-.-. 

8 

.    24 

48 

78 

115 

159 

33 

34 

33 

3(1 

27 

R-10,  5  percent 

5 

16 

32 

52 

76 

Hi'; 

38 

40 

40 

37 

33 

R-10,  7.5  percent.  . 

12 

35 

70 

113 

168 

235 

43 

58 

61 

64 

R-10,  10  percent.  .. 

21 

67 

133 

219 

327 

462 

41 

51 

58 

64 

67 

R-13,  5  percent 

4 

12 

22 

36 

54 

75 

40 

43 

42 

39 

30 

R-13,  7.5  percent. .- 

8 

24 

49 

83 

125 

174 

62 

R-13,  10  percent.— 

11 

39 

81 

135 

204 

287 

00 

74 

81 

88 

ill 

1  Penetration  is  that  of  a  1-inch  diameter,  200-gram  cylinder,  loaded  with  a  10-pound  weight, 
after  removal  of  the  10-pound  weight.    Tests  were  made  at  77°  F. 


Recovery  is  determined 


data  for  the  blend  containing  7.5  percent  of 
R-13  were  incomplete,  the  curve  is  assumed  as 
shown  by  the  broken  line.  For  the  asphalt, 
the  weight  of  the  cylinder  was  sufficient  to 
cause  continued  penetration  while  for  all  the 
rubber-asphalt  blends  there  was  an  immediate 
recovery  or  rebound,  the  extent  and  duration 
of  which  varied  with  the  type  and  amount  of 
rubber  in  the  blend.  For  the  5-percent  rubber 
blends,  this  recovery  was  only  temporary  and 
was  followed  by  a  renewed  settlement  of  the 
plunger  at  some  period  within  the  5-minute 
interval  except  for  the  R-l  blend  which  re- 
mained in  a  static  position.  For  the  blends 
containing  7.5  and  10  percent  of  rubbers  R-l, 
R-10,  and  R-13,  the  recovery  increased  during 
the  entire  5  minutes,  while  for  blends  con- 
taining the  same  amount  of  rubbers  R-2  and 
R-6  the  recovery  decreased  after  the  1-  or  2- 
minute  periods. 

This  study  shows  that  there  was  a  wide 
difference  in  the  amount  of  recovery  of  the 
cylinder  which  further  indicates  the  varying 
degree  of  elasticity  imparted  by  the  various 
rubbers.  It  is  apparent  that  rubbers  R-l, 
R-10,  and  R-13  impart  a  considerable  amount 
of  elasticity  to  the  asphalt. 

Effect  on  Flow  of   ispliall.s 

It  has  been  stated  by  other  investigators 
that  the  addition  of  rubber  to  asphalts  changes 
the  flow  properties  and  thereby  increases  the 
resistance  to  distortion  of  paving  mixtures 
containing  this  type  of  binder  under  high 
temperatures  and   heavy  traffic.     Endres,  et 
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Figure  11. — Recovery  of  1 -inch,  200-gram  cylinder  after  removing  10-pound  load, for  blends  of  asphalt  AC—1  and  various  powdered  rubbers. 


al.,  {12)  have  shown  that  the  addition  of  rubber 
affects  the  flow  properties  of  asphalts  and  the 
amount  of  flow  varies  with  the  different  types 
of  rubber. 

The  method  used  in  this  study  for  deter- 
mining the  flow  was  similar  to  the  method 
used  for  measuring  the  flow  of  blown  asphalts 
{20).  In  this  test  the  material  was  heated  to 
a  fluid  condition  and  poured  into  an  amalga- 
mated brass  mold,  %  inch  in  inside  diameter 
and  Yx  inch  in  height.  After  cooling,  the 
excess  material  was  cut  from  the  top  and  the 
cylindrical  specimen  removed.  This  speci- 
men was  then  placed  on  a  corrugated  brass 
plate,  supported  at  an  angle  of  45  degrees  with 
the  lower  end  of  the  cylinder  on  a  line  15  cm. 
above  the  end  of  the  plate.  The  apparatus  is 
shown  in  figure  12.  For  blown  asphalts  the 
amount  <>f  Bow  is  determined  by  heating  the 
specimen  at  150°  F.  for  4  hours  but,  due  to 
the  much  higher  rate  of  flow  of  the  rubber- 
asphalt  blends  studied  here,  it  was  necessary 
to  modify  the  temperature  and  time  of  heating. 
It  was  found  that  all  the  mixtures  were  within 
the  range  of  15  cm.  when  tested  at  140°  F.  for 
1  hour.  The  results  of  the  flow  test  under 
these  conditions  are  given  in  tables  5  and  7. 

The  results  of  the  tests  show  that,  except 
for  the  blend  of  asphalt  AC-1  with  5  percent 
of  rubber  R-15,  flow  of  all  the  blends  con- 
taining rubber  was  less  than  the  flow  of  the 
unblended  asphalts.  For  the  same  rubber 
content  the  amount  of  flow  varied  with  the 
different  asphalts  and  rubber  used.  For  the 
same  rubber  and  asphalt,  the  amount  of  flow 
decreased  as  the  rubber  content  was  increased. 

In  order  to  show  the  relation  between  flow 
and  softening  point  of  the  various  mixtures, 
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the  softening  point  was  plotted  against  the 
log  of  the  flow  for  the  three  unblended 
asphalts  and  five  of  the  rubber-asphalt  blends, 
as  shown  in  figure  13.  Although  there  is 
some  spread  among  the  points,  the  average 
curves  for  the  three  asphalts  are  almost 
identical.  In  general,  the  relation  between 
softening  point  and  flow  of  the  rubber-asphalt 
blends  was  similar  to  that  found  in  testing 
rubber-asphalt  compounds  used  for  sealing 
concrete  expansion  joints  {19).  In  this  pre- 
vious work  it  was  found  that  the  rate  of  flow 
of  the  joint  sealing  materials  was  proportional 
to  their  softening  points  and  it  was  recom- 
mended that  the  softening  point  determination 
be  used  to  evaluate  the  flow  properties  of  these 
materials  instead  of  the  flow  test. 


Figure  12. — Apparatus  used  in  determining 
flow. 


The  flow  test  is  a  measure  of  the  suscepti- 
bility to  temperature  change  of  the  material 
as  can  be  seen  in  figure  14  where  the  slope  of 
the  log-penetration-temperature  curve  is 
plotted  against  the  log-flow  of  the  blends 
prepared  with  asphalt  AC— 2  and  the  various 
rubbers.  Except  for  three  blends  the  points 
fall  close  to  a  straight  line. 

Thin-Film  Oven  Tests 

For  several  years  the  thin-film  oven  test 
{21,  22)  has  been  advocated  as  a  means  of 
measuring  the  amount  of  change  that  may 
occur  in  asphalt  cements  when  mixed  with  an 
aggregate  at  high  temperature.  This  test  is 
more  severe  than  the  standard  test  for  loss  on 
heating  due  to  the  larger  surface  area  of  the 
test  sample  that  is  exposed.  The  thin-film 
oven  test  is  made  by  exposing  a  %-inch  film  of 
asphalt  in  an  aluminum  pan  5.5  inches  in 
diameter  and  %  inch  in  height  in  an  oven  at 
325°  F.  for  5  hours.  The  loss  in  weight  is 
determined  and  the  residue  tested  for  pene- 
tration, ductility,  and  softening  point.  The 
results  of  the  thin-film  oven  test  on  the  rubber- 
asphalt  blends  are  given  in  tables  5  and  7. 

In  general,  when  asphalt  cements  are  ex- 
posed to  the  thin-film  oven  test,  there  is  a 
slight  loss  in  weight  and  a  varying  decrease  in 
penetration  and  ductility  and  increase  in 
softening  point.  For  asphalts  containing  rub- 
ber, this  was  not  found  to  be  true  for  all  the 
blends  tested.  As  compared  with  the  original 
blends,  the  thin-film  residues  of  asphalts  AC-1 
and  AC-2  containing  the  three  percentages  of 
rubber  R-l  had  approximately  the  same  or 
higher  penetration,  much  higher  ductility,  and 
much   lower  softening   point.     The   thin-film 
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Figure  13. — Relation  between  softening  point  and  flow  of  rubber -asphalt  blends. 
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residues  of  asphalt  AC-1  with  7.5  percent 
rubber  R-13  and  asphalt  AC-3  with  7.5  and 
10  percent  rubber  R-l  had  lower  penetrations 
and  somewhat  lower  softening  points  than  did 
the  corresponding  original  blends.  The  duc- 
tility of  the  thin-film  residues  from  blends 
made  with  the  three  asphalts  with  rubbers 
R-2  and  R-6  was  approximately  the  same  or 
was  lower  than  the  ductility  of  the  corre- 
sponding original  blends.  The  ductility  of  all 
the  residues  containing  rubber  R-10  was 
higher  than,  or  approximately  the  same,  as  the 
ductility  of  the  corresponding  original  blends. 
The  results  of  the  thin-film  oven  tests 
indicate  that  there  could  be  a  wide  difference 
in  the  changes  which  would  take  place  in  the 
properties  of  the  various  rubber-asphalt 
blends  when  subjected  to  high  temperatures, 
such  as  those  encountered  in  the  processing  of 
hot  mixtures. 

Solubility  in  Carbon  Disulfide 

In  order  to  obtain  some  information  on  the 
blending  action  of  the  various  rubbers  in 
asphalts,  the  test  for  solubility  in  carbon 
disulfide  was  made  on  the  various  rubber- 
asphalt  blends.  Due  to  the  inability  to  filter 
some  of  the  blends  after  dissolving  with 
carbon  disulfide,  it  was  necessary  to  reduce  the 
size  of  sample  to  approximately  0.5  gram  and 
also  use  celite  as  a  filter  aid.  Even  with 
these  aids  the  blends  containing  rubbers  R-l 
and  R-13  were  extremely  slow  to  filter  and 
results  of  tests  showed  poor  reproducibility. 
The  results  of  the  tests  for  solubility  in 
carbon  disulfide  are  given  in  tables  5  and  7. 

The  results  show  a  wide  difference  in  the 
solubility  of  the  blends  prepared  with  different 
rubbers.  In  general,  it  can  be  seen  that  those 
rubbers  (R-l  and  R-13)  that  produced  the 
greatest  changes  in  the  physical  characteristics 
of  the  asphalts  were  also  the  most  soluble  in 
carbon    disulfide.     Since    in    no    case    is    the 
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added  rubber  entirely  soluble  in  carbon 
disulfides,  it  is  indicated  that  the  character- 
istics of  the  asphalts  extracted  and  recovered 
from  paving  mixtures  containing  rubber  may 
differ  greatly  from  the  asphalt  blends  as  they 
actually  exist  in  the  pavement. 

Effect  of  Heating  Time  on  Viscosity 

In  order  to  obtain  additional  information  on 
the  changes  that  occur  during  the  mixing  of 
the  rubbers  with  the  asphalts,  viscosity  tests 
were  made  on  blends  containing  5  percent 
rubber  heated  at  300°  F.  for  4  hours.     During 


this  period  of  heating,  viscosity  determina- 
tions were  made  every  30  minutes  with  a 
Brookfield  Syncho-Lectric  viscometer,  shown 
in  figure  15. 

The  principle  of  this  instrument  is  the 
measurement  of  the  drag  produced  on  a 
spindle  rotating  at  a  constant  speed  while 
immersed  in  the  material  being  tested.  The 
amount  of  drag  is  indicated  by  a  pointer 
attached  to  the  spindle  shaft  which  measures 
the  tension  produced  in  a  spiral  spring  con- 
nected between  the  shaft  and  the  outside  of  the 
dial  which  is  connected  to  the  motor  shaft. 
The   range   in    viscosity   is   obtained   with   a 
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SLOPE    OF    PENETRATION  -  TEMPERATURE    CURVE 
Figure  14.— Relation  of  slope  of  log-penetration- temperature  curve    to 
the  flow  of  blends  of  asphalt  AC-2  and  various  powdered  rubbers. 
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Figure    7i. — Synchro-Lectric    viscometer    used    to  determine   viscosity   of  rubber -asphalt 

blends. 


series  of  spindles,  each  covering  a  part  of  the 
range.  Viscosity  is  calculated  by  multiplying 
the  reading  on  the  dial  by  a  factor,  depending 
upon  the  spindle  and  speed  of  rotation  used. 
The  results  of  the  viscosity  determinations  are 
given  in  table  12  for  the  blends  prepared  with 
each  of  the  three  asphalts  and  5  percent  of 
each  of  the  rubbers.  The  effect  of  the  time  of 
heating  on  the  viscosities  <>f  these  blends  is 
shown  in  figure  Hi. 

There  was  a  very  wide  range  in  the  change 
in  viscosity  of  the  various  mixtures  during  the 
4-hour  period.  For  all  asphalts,  blends  with 
rubbers  R-l  and  R  L3  developed  the  highest 
viscosities  and  blends  with  rubbers  R-2  and 


R-6  the  lowest  viscosities.  Considering  the 
maximum  viscosity  reached  during  the  4 
hours,  the  order  of  the  five  rubbers  is  the  same 
for  the  three  asphalts  and  this  order  is  the 
same  as  was  found  for  the  increase  in  softening 
point.  Here  also  the  change  in  viscosity  was 
effected  by  the  source  of  the  asphalt. 

Viscosity -Temperature  Relations 

Consistency  is  a  property  of  asphaltic  road 
materials  that  is  of  extreme  importance  from 
the  standpoint  of  their  application  to  road 
surfaces  or  in  plant  mixing  with  an  aggregate. 
Since  it  was  evident  from  earlier  work  that 


there  was  a  wide  difference  in  the  consistency 
of  the  various  rubber-asphalt  blends,  the 
viscosity -temperature  relations  of  blends  of 
asphalt  AC-1  with  5  percent  of  rubbers  R-l, 
R-2,  R-6,  R-7,  and  R-13  were  determined. 
The  blends  were  prepared  by  mixing  the 
rubber  with  the  asphalt  at  300°  F.  for  2 
hours.  At  the  end  of  the  period,  the  mixing 
paddle  was  removed  and  viscosities  deter- 
mined on  the  material  with  the  Brookfield 
viscometer,  described  earlier  in  this  report. 

Viscosity  determinations  were  made  first  at 
300°  F.  and  then  at  lower  temperatures  as  the! 
material  cooled.  In  order  to  reduce  the  time 
required  for  testing,  tests  were  not  made  at 
predetermined  temperatures.  For  viscosity! 
determinations  above  300°  F.,  the  blends  were! 
reheated  after  the  test  at  the  lowest  tempera- 
ture had  been  completed.  It  was  apparent 
from  the  results  obtained  that  very  little 
change  in  viscosity  occurred  in  the  blends 
during  the  time  they  were  maintained 
these  elevated  temperatures. 

The  results  of  the  viscosity  determinations 
of  the  various  rubber-asphalt  blends  over  a 
range  in  temperature  are  given  in  table  13 
These  results  are  plotted  in  figure  17  on  s 
log-temperature  log-viscosity  basis.  By  plot- 
ting in  this  manner,  straight-line  relations 
were  obtained. 

The  viscosity-temperature  relations  show  s 
very  wide  difference  in  the  viscosities 
blends  containing  the  various  rubbers  ovei 
the  entire  range  in  temperatures.  As  wa> 
indicated  previously,  blends  with  rubbers  R-] 
and  R-13  produced  the  greatest  change  ir 
viscosity  and  blends  with  rubbers  R-2  anc 
R-6  the  least  change.  All  blends  had  viscosi- 
ties well  above  the  viscosity  of  the  unblendec 
asphalt. 

In  order  to  compare  these  viscosity  value; 
with  Saybolt  Furol  viscosity,  which  is  mor< 
commonly  used,  an  approximate  conversioi 
of  absolute  viscosity  to  Furol  viscosity  can  b< 
obtained  from  the  standard  method  o 
conversion  of  kinematic  viscosity  to  Sayboli 
Furol  viscosity  (ASTM  designation  D  666-44; 
as  follows: 
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Figure  16. — Effect  of  time  of  heating  on  viscosity  of  5  percent  rubber-asphalt  blends. 
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Table  12. — Effect  of  time  of  mixing  at  300° 

containing 


F.  on  viscosity  at  300°  F.  of  asphalts  and  blends 
5  percent  rubber 


Blend  identification 

Viscosity  after  heating  and  mixing  for— 

0  min. 

30  min. 

60  min. 

90  min. 

120  min. 

180  min. 

240  mill. 

Unblended  AC-1 

Poises 
2.37 

Poises 

8.50 
2.65 
4.35 
12.38 
12.85 

6.85 
2.  65 
3.70 
14.35 
9.65 

10.20 
1.30 
1.90 
7.30 

10.05 

Poises 

15.55 
2.90 
4.50 

13.70 

1 1.  35 

10.80 
2.63 
3.  65 
13.00 
12.95 

10.10 
1.35 
2.05 
7.10 

11.  25 

Poises 

16.40 

13.  35 
14.90 

13.  55 
2.  70 
3.80 
13. 10 
16.  20 

1.35 
2.15 
6.90 
12.30 

Poises 

17.  10 
3.30 
4.50 
13.30 
10.95 

14.  60 

2.75 
3.  95 
11.85 
16.90 

9.05 
1.35 
2.10 
7.10 
12.25 

Poises 

16.  55 
3.10 
4.55 
13.55 
20.50 

13.20 
2.90 
4.10 
12.40 
15.30 

7.50 
1.40 
2.05 
6.60 
11.90 

/  'oisi " 

15.20 
3.10 
4.  60 
13.75 
21.05 

10.00 
2.90 
4.10 
12.  55 
15.  05 

0.  95 
1.40 
2.15 
6.65 
11.40 

Blend  of  AC-1  and  5  percent  of— 
R-l 

R-2 

R-6 

R-10.... 

R-13 

2.00 
1.25 

Unblended  AC-2 

Blend  of  AC-2  and  5  percent  of— 
R-l 

R-2 

R-6 

R-10 

R-13 

Unblended  AC-3 

Blend  of  AC-3  and  5  percent  of— 
R-l 

R-2 

R-6 

R-10 

R-13 _ 

Saybolt  Furol  viscosity 
where  T 
Also: 


VC,X  0.470 


is  the  viscosity  in  centistokes. 


density ' 

where  Vp  is  the  viscosity  in  poises. 

Since  the  density  of  the  asphalts  and  rubber- 
asphalt  blends  is  approximately  1.00, 

1000 
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^„=TrpX100. 

Thus  the  viscosity  data  in  poises  as  given  in 
table  13  and  shown  in  figure  17  can  be  con- 
verted to  Furol  viscositv,  as  follows: 

Furol  viscosity  =  FPX47.0. 

For  plant  mixing  of  hot  asphaltic  concrete, 
a  Furol  viscosity  range  of  75  to  150  seconds 
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Figure  17. — Viscosity-temperature  relation  of  rubber-asphalt  blends. 
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has  been  considered  as  optimum.  I 
by  the  equation  just  derived,  the  optimum  is 
1.60  to  3.19  poises.  This  range  is  indicated  in 
figure  17,  and  it  will  be  noted  that  the  tem- 
peratures at  which  the  asphalt  and  rubber- 
asphalt  blends  have  this  optimum  viscosity 
are  as  follows: 

Unblended  asphalt  AC-1...  285-305°  F. 
AC-1  with  5  percent  R-2...  300-325°  F. 
A( '-  1  with  5  percent  R-6_ ._  315-340°  F. 
AC-1  with  5  percent  R-7_  _ .  320-350°  F. 

A( '■-  1  with  5  percent  R-l 355-380°  F. 

AC-1  with  5  percent  R-13_  .   370-395°  F. 

The  temperature  ranges  for  use  in  plant 
mixing  the  different  rubber-asphalt  blends 
are  indicated  in  figure  17. 

The  use  of  preblended  rubber  asphalts  may 
not  only  require  higher  mixing  temperatures 
but  also  some  additional  equipment  to  handle 
the  more  viscous  binder.  In  the  Massachu- 
setts project,  previously  referred  to  (9),  the 
GR-S  synthetic  rubber  powder  was  prepared 
from  standard  GR-S  synthetic  rubber  latex 
in  such  a  manner  as  to  produce  a  dry  powder 
at  least  50  percent  of  which  passed  the  No.  40 
sieve  and  100  percent  the  No.  20  sieve.  No 
information  was  given  as  to  the  degree  of 
vulcanization  of  the  synthetic  latex.  The 
rubber-asphalt  blend  was  prepared  at  the 
plant  of  the  asphalt  producer  and  the  very 
viscous  condition  of  the  rubberized  blend 
presented  a  handling  problem  as  additional 
pumps  were  necessary  to  circulate  the  rub- 
berized asphalt  in  the  distributor  during  trans- 
portation of  the  material  to  the  storage  tank 
at  the  paving  plant  and  to  provide  satisfactory 
flow  between  the  plant  storage  tank  and  the 
mixer  box. 

Rpad  construction  practice  has  shown  that 
the  selection  of  the  proper  temperature  of 
application  of  bituminous  materials  to  aggre- 
gate, either  on  the  road  or  in  a  mixing  plant, 
to  give  proper  coating  of  the  aggregate  and 
workability  of  the  mixture,  is  dependent  upon 
the  consistency  of  the  material  at  the  time  of 
application  or  mixing.  For  plant  mixing  this 
consistency  depends  to  a  large  extent  upon 
the  temperature  of  the  aggregate.  For  the 
materials  studied  here  it   would  appear  that 

Table  13. — Viscosity  of  asphalt  AC-1  and 
rubber-asphalt  blends  at  various  tem- 
peratures ' 


Test 
tempera- 
ture 

Viscosity  of  blend  of  asphalt  AC-1  and  5 
percent  of  rubber  indicated 

None 

R-l 

R-2 

R-6 

R-7 

R-13 

0  F . 
162 

Poises 

Poises 

Poises 

Poises 
630.0 

Poises 

Poises 

175 

180 

256.5 

287.5 
140.8 

185 

1, 800.  0 
840.0 

353.  0 
177.0 

220.0 

1, 400. 6 

200 

210 

220 

74.0 

48.8 

88.8 

577.0 

225 

235 

25.4 

200.0 

40.4 

46.0 

240 
250 
255 

14.0 
9.2 

21.2 

216.0 

104.0 

13.4 

275 
280 

4.  1 

12.9 

74.  0 

38.0 

290 

4.0 
3.2 

300 

320 

2.0 

17.  1 

4.8 

6.0 

30.4 
14.4 

330 

7.6 

1  Blends  prepared  by  lieatiug  at  300°  F.  for  2  hours. 
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Table  14.— Results  of  t<st> 


on  blends  of  asphalt  AC-1   and  5  percenl   of  various  rubbers 
mixed  al  various  temperatures 


with  R-l, 

Blend  with  R-2, 

Blend  with  R-6, 

Blend  with  R-13, 

'  al    - 

mixed  at— 

mixed  at — 

2 

300°  F. 

375°  F. 

125°  F. 

300°  F. 

338°  F. 

425°  F. 

2 

2 

4 

4 

4 

4 

4 

4 

2 

2 

2 

after 

125.0 

117.0 

125.  2 

127.2 

130.5 

133.8 

134.3 

122.7 

120.0 

124.0 

124.9 

129.6 

132.  0 

138.0 

144.0 

124.  5 

122.  1 

125.0 

127.  0 

129.  0 

130.0 

134.0 

139.1 

142.  0 

137.  : 

[30.0 

121.3 

125.0 

125.6 

131.5 

134.  3 

141.4 

140.  0 

do 

1 12.  5 

128.8 

122.  9 

126.3 

125.0 

120.  S 

132.  5 

134.0 

141.7 

152.  1 

1 23.  8 

127.3 

129.9 

120.5 

132   1 

136.4 







US 

22 
66 

28 

20 
69 
160 

(il 

18 
65 

Ill 

is 
73 
157 
23 

17 

66 

146 

15 

15 

137 
14 

16 
66 
146 

22 

If. 
62 

139 
21 

15 
55 

121 
18 

22 
73 
157 
66 

23 
72 
150 
66 

17 
58 
109 
67 

ind    percent 

63 

46 

48 

4(1 

42 

13 

20 

27 

60 

73 

64 

om  thin-film 

n  test: 

Penetration,  77°  F. 

65 

57 

49 

47 

43 

40 

47 

47 

43 

57 

54 

49 

Softenini;  point 

°  F_. 

129.0 

Lit.  5 

140.0 

137.  8 

141.0 

145.0 

140.  3 

140.5 

145.5 

151.0 

154.0 

158.0 

Ductility,  77°  F. 

cm  _  _ 

+250 

-1  250 

45.0 

10.0 

9.5 

9.0 

11.8 

11.0 

10.5 

48 

43 

41.5 

Rebound.,  percent. 



29 

52 

47 

50 

43 

42 

48 

59 

63 

71 

in  order  to  apply  or  mix  the  various  rubber- 
asphalt  blends  under  the  same  viscosity  con- 
ditions as  for  the  unblended  asphalt  AC-1,  it 
would  be  necessary  to  raise  the  mixing  tern 
perature  approximately  20°  F.  for  the  R-2 
blend  and  90°  F.  for  the  R-13  blend. 

Effect  of  Mixing  Temperature 

The  previous  data  given  in  this  report  has 
been  for  blends  of  asphalt  and  rubber  prepared 
at  300°  F.  It  seemed  of  importance  to  get 
some  information  concerning  the  effect  of 
mixing  at  ot  her  temperatures  on  the  properties 
of  the  rubber-asphalt  blends.  For  this  study 
asphalt  AC  1  and  rubbers  R-l,  R-2,  R-6, 
R-13  were  used.  Mixing  temperatures 
of  300°,  3:58°,  375°,  and  425°  F.  were  employed 
to  obtain  the  information  desired. 

Since  rubbers  R—  I  and  R-13  had  been  found 
to  produce  wide  changes  in  the  properties  of 
asphalt,  the  mixing  time  for  these  was  limited 
to  2  hours  al  300°,  338°,  and  425°  F.  Rubbers 
R-2  and  R-6,  which  showed  little  change  in 
the  properties  of  the  asphalts  when  mixed  for 
2  hours  al  300°  F.,  were  mixed  for  1  hours  at 
300°,  375°,  and  425°  V.  Softening-point  tests 
were  made  during  the  mixing  periods,  and  the 
blends  after  being  mixed  for  2-  or  4-hour 
periods  were  tested  for  penetration,  ductility, 
and  effect  of  heating  in  thin  films  at  325°  F. 
The  results  of  tests  showing  the  effect  of 
mixing  temperature  on  the  rubber-asphalt 
blends  arc  given  in  table  14.  The  effect  of 
heating  at  various  temperatures  on  the  soften- 
ing poinl  during  the  mixing  period  is  shown  in 
figure  is. 

blend  containing  rubber  R  -I  is  of 
particular  interest.  When  heated  at  300°  F. 
the  softening  point  increased  during  mixing 
over  the  full  2-hour  heating  period,  but  when 
mixed  at  338°  and  425°  I'',  there  was  a  gradual 
decrease  in  softening  poinl  after  the  first  30 
minute-..  This  reversal  is  apparently  due  to 
the  instability  of  the  natural  rubber  when 
subjected  to  the  higher  temperatures.  The 
blend  containing  rubber  R-13  showed  an 
increase-  in  softening  poinl  during  mixing  at 
the  t  hree  temperatures  with  the  rate  of  incn 
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being  greater  with  increases  in  mixing  temper- 
ature. At  all  temperatures,  blends  containing 
rubbers  R-2  and  R-6  showed  a  relatively  low 
rate  of  change  in  softening  point  during  the 
mixing  period. 

Figure  19  shows  the  effect  of  mixing  temper- 
ature on  the  penetration,  softening  point,  and 
ductility  of  the  blends  after  2-  and  4-hour 
periods.  Except  for  rubber  R-l,  the  pene- 
tration of  the  blends  decreased  as  the  temper- 
ature of  mixing  was  increased.  The  blend 
containing    the    natural    rubber    R-l    had    a 


160 


higher  penetration  when  mixed  at  338°  F. 
than  at  300°  F.,  and  then  decreased  at  425°  F. 

Except  for  rubber  R-l,  the  softening  points 
of  the  blends  were  increased  by  raising  the 
mixing  temperature.  As  previously  stated, 
the  decrease  in  softening  point  for  the  blends 
made  with  the  natural  rubber  R-l  shows  the 
instability  of  this  rubber  when  subjected  to 
high  temperatures.  The  greatest  increase  in 
softening  point  occurred  with  rubber  R-13. 

The  ductility  of  the  blends  containing  rub- 
bers R-2,  R-6,  and  R-13  was  affected  only 
slightly  by  increasing  the  temperature  of 
mixing.  The  ductility  of  the  blend  containing 
rubber  R-l  was  increased  greatly  by  mixing  at 
the  higher  temperatures. 

Effect  of  Rubber  on  Various  Penetra- 
tion Grades  of  the  Same  Asphalt 

All  of  the  rubber-  asphalt  blends  which  have 
been  discussed  previously  in  this  report  were 
prepared  with  85-100  penetration  asphalts. 
In  order  to  get  some  information  on  the  effect 
of  rubber  on  other  grades  of  asphalt  cement, 
blends  were  prepared  using  50-60,  85-100  and 
120-150  penetration  asphalts,  refined  from 
Venezuelan  crude  by  the  same  producer.  The 
85-100  penetration  grade  is  the  same  as  the 
asphalt  designated  in  this  article  as  AC-1. 
Blends  of  these  three  asphalts  containing  5 
percent  of  the  natural  rubber  R-l  were  made 
by  heating  at  300°  F.  for  2  hours.  Softening- 
point  tests  were  made  on  samples  taken  during 
the  mixing  period  and  the  resulting  blends 
tested  as  in  the  previous  studies.     The  results 
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Figure  19. — Effect  of  mixing  temperature  on  penetration,  softening  point,  and  ductility  of  rubber-asphalt  blends. 


of  tests  on  the  unblended  asphalt  and  the 
rubber-asphalt  blends  are  given  in  table  15. 

Figure  20  shows  the'  changes  in  softening 
point  during  the  2-hour  mixing  period  for  the 
blends  prepared  with  the  three  grades  of 
asphalt.  The  curves  are  of  the  same  general 
shape  and  the  difference  in  softening  point 
remained  fairly  constant  during  the  heating 
period. 

In  figure  21  the  penetration,  softening  point, 
and  ductility  of  the  unblended  asphalts  are 
plotted  against  the  penetration,  softening 
point,  and  ductility  of  the  corresponding 
rubber-asphalt  blends.     This  figure  indicates 


for  these  asphalts  and  the  one  rubber  used 
that  as  the  penetration  of  the  unblended 
asphalt  was  increased,  the  blends  increased  in 
penetration  and  had  lower  softening  points 
and  higher  ductilities. 

An  analysis  of  the  changes  that  were  caused 
by  the  addition  of  rubber  to  the  three  grades  of 
asphalt  can  be  made  from  figure  22  where  the 
penetration-softening  point  relations  are  plot- 
ted for  the  unblended  asphalts  and  the  rubber- 
asphalt  blends  before  and  after  the  thin-film 
oven  test.  For  each  of  the  above  conditions 
the  points  for  the  three  grades  of  asphalt  are 
approximately    linear    and    the    curves    thus 
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formed  are  nearly  parallel.  The  relative  posi- 
tion of  the  curves  for  the  original  asphalts  and 
for  the  rubber-asphalt  blends  shows  the  high 
increase  in  softening  point  with  a  correspond- 
ing decrease  in  penetration.  After  the  thin- 
film  oven  test,  the  curve  for  the  rubber  asphalt 
blends  shows  a  large  decrease  in  softening 
point  accompanied  by  a  slight  increase  in 
penetration.  The  position  of  this  curve  is  only 
slightly  above  the  curve  for  the  thin-film  oven 
resicjues  on  the  unblended  asphalts.  This 
again  demonstrates  the  variable  properties 
that  rubber-asphalt  blends  of  this  type  might 
have  when  subjected  to  heat  and  oxidation  in 
the  mixing  and  laying  of  hot  asphalt  mixtures. 

Recovery  Tests  on  Mixtures 

Tests  on  bitumens  extracted  and  recovered 
from  asphaltic  paving  mixtures  have  been  use- 
ful in  studying  the  changes  that  the  contained 
asphaltic  materials  undergo  during  plant  mix- 
ing with  hot  aggregate  and  during  the  exposure 
of  bituminous  pavements  to  service  conditions. 
Usually  these  tests  are  made  by  extracting  the 
soluble  portion  of  the  mixture  with  benzene 
and  recovering  this  material  by  a  method  of  test 
developed  by  Abson  or  by  a  modification  there- 
of. Investigations  have  shown  that  asphalts 
are  hardened  during  the  hot  mixing  process  or 
by  exposure,  and  the  amount  of  this  hardening 
varies  with  the  asphalt  used  and  the  condi- 
tions, such  as  temperature  and  the  time  <>l' 
mixing  or  the  climatic  conditions,  to  which  the 
mixture  is  subjected. 

Tests  on  Recovered  Bitumen 

Since  it  has  been  shown  that  many  of  the 
rubbers  included  in  this  study  are  relatively 
insoluble  in  benzene,  it  was  of  interest  to  deter- 
mine the  effect  of  extraction  and  recovery 
tests  on  bitumens  from  asphalt  mixtures  in 
which  rubber  was  used.  Samples  were  ob- 
tained of  the  original  asphalts  and  of  paving 
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Table  l5.-Effcc1  of  5  percen,  natural  rubber  on  asphalts ;  of  ^-»^"<-trati°n  ^^ 
from  the  same  source  when  mixed  ai  .500    r .  lor  I  hours 


Unblended  asphalt  of  pene- 
tration £tr;i' 


..do. 

..do. 
..do. 
..do. 


ling  point  after  mix 

II': 

ute 

120  minutes...  — 

Tests  on  material  after  mixing  for  2  hours: 
ion— 

F  

At  77°  V  -  

F  --- 

Ductility,  77"  F     cnJ 

Rebound  .  percent 

Thin-film  oven  test: 

Loss - 

Tests  on  residue 

Penetration,  77°  F 

Softening  point 

Ductility,  77°  F 


.do... 


°F. 

cm. 


50-60 


131.0 


50 
122 
230 


0.18 


33 
143 

63 


85-100 


118.0 


20 


232 
+250 


0.28 


51 
131 
237 


120-150 


109.0 


136 
'l52~ 


0.36 


74 
123 
207 


Blend  of  5  percent  R-l  with 
asphalt  of  penetration 
grade— 


50-60 


138. 0 
145.5 
152.0 
155.  5 
157.0 


13 
39 
85 
17 
05 


0.19 


43 
138.8 


85-100 


125.  0 
133.  5 

140.0 
143.  0 
142.  5 


22 
66 
139 

28 
63 

0.  19 

65 

129.0 
+250 


120-150 


119.3 
124.3 
130.  5 
134.  8 
136.3 


22 
85 
195 
40 
79 

0.71 

99 

118.8 
240 


mixtures  in  which  these  asphalts  were  used  with 
and  without  rubber  from  several  of  the  experi- 
mental pavements  laid  in  the  United  State-. 
These  paving  mixtures  contained  natural,  re- 
claimed, synthetic,  and  plasticized  rubbers 
and  the  powdered  rubbers  were  the  same  as, 
or  similar  to,  the  rubbers  R-l,  R-2,  R-5,  and 
R-6  used  in  this  study. 

Extraction  tests  were  made  on  these  paving 
mixtures,  using  benzene,  and  the  soluble  ma- 
terial was  recovered  by  the  Abson  method. 
The  recovered  bitumens  were  tested  for  pene- 
tration, softening  point,  and  ductility.  The 
results  of  tests  on  the  original  asphalts  and  on 
the  bitumens  recovered  from  the  paving  mix- 
tures without  rubber  and  corresponding  mix- 
tures which  contained  rubber  are  given  in  table 
It.. 

pt  for  the  mixtures  containing  the  plas- 
ticized rubber,  it  was  noticed  that  the  ex- 
tracted aggregates  contained  particles  of  rub- 
ber which  had  not  been  dissolved  by  the 
asphalt  in  the  mixture  or  by  the  benzene  used 
in  the  extraction  test.  Since  it  has  been  shown 
that  the  solubility  of  the  rubber  powders  and 
rubber-asphalt  blends  in  benzene  are  not  the 
same,  it.  was  not  possible  to  determine  the 
exact  amount  of  rubber  actually  contained  in 
the  bitumens  recovered  from  the  asphaltic 
ictes.  It  has  also  been  shown  that  a  wide 
range  in  test  characteristics  can  be  obtained 
with  (he  natural  rubber-asphalt  blends,  de- 
ding  upon  the  asphalt  used  and  the  time 
and  temperature  used  in  the  blending  or 
mixing. 

Comparisons  of  the  characteristics  of  the 
original  asphalts  with  those  of  the  same 
asphalts  recovered  from  the  paving  mixtures 
thai  all  the  asphalts  were  hardened 
during  the  mixing  process  as  evidenced  by 
decreased  penetration  and  increased  softening 
point.  Also,  the  ductilities  of  the  recovered 
asphalts  were  lower  than  those  of  i he  original 
asphalts. 

Comparisons  of  the  characteristics  of  tin' 
bitumens  recovered  from  the  mixtures  con- 
taining rubber  with  those  of  the  bitumens 
recovered   from    the   mixtures   without   rul 

a  that,  in  many  cases,  the  presence  of 
rubber  increased  the  penetration;  that,  in 
some    cases    it    lowered    the    softening    point; 


and  that  in  most  cases  it  increased  the 
ductility.  This  apparent  effect  of  rubber  is 
contrary  to  its  effect  in  the  blends  of  rubber 
and  asphalt  prepared  in  the  laboratory  where, 
as  compared  with  the  unblended  asphalts,  the 
blends  generally  had  lower  penetration,  higher 
softening  point,  and  lower  ductility. 


These  differences  between  the  character- 
istics of  rubber-asphalt  blends  prepared  in 
the  laboratory  and  the  characteristics  of 
bitumens  extracted  and  recovered  from  paving 
mixtures  containing  powdered  rubber  are 
attributed  partly  to  the  fact  that  the  mixtures 
of  rubber  powder  and  asphalt  in  the  pavement 
are  not  directly  comparable  to  the  laboratory 
blends  and  partly  to  the  fact  that  the  bitumen 
recovered  from  the  pavement  is  not  the  same 
as  the  mixture  of  rubber  powder  and  asphalt 
as  it  exists  in  the  pavement. 

In  the  District  of  Columbia  experiment  two 
types  of  paving  mixtures  were  laid  (23). 
Except  where  the  plasticized  rubber  was  used, 
60-70  penetration  asphalt  was  used  in  the 
sand  asphalt  mixtures.  Except  for  the  control 
section,  85-100  penetration  asphalt  was  used 
in  the  sheet-asphalt  mixtures.  The  60-70 
penetration  asphalt  was  used  in  the  control 
sections  for  both  sand-asphalt  and  sheet- 
asphalt  mixtures  and  85-100  penetration 
asphalt  was  used  in  the  plasticized  rubber 
sections  for  both  types  of  mixtures.  The 
amount  of  each  kind  of  rubber  used  was  the 
same  in  both  types  of  mixtures. 

Except  where  the  plasticized  rubber  was 
used,  all  of  the  rubbers  were  incorporated  into 
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from  the  same  source  and  tests  on  the  same  asphalt  contain- 
ing 5  percent  rubber  R—l. 
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Table  16. — Results  of  tests  on  asphalts  and  rubber-asphalt  blends  before  and  after  recovery 

from  paving  mixtures 


Type  of  mixture 


Non-skid  mixture  (Ohio): 

Plain  asphalt 

Asphalt  with  natural  rubber 

Asphaltic  concrete  (Ohio): 

Plain  asphalt 

Asphalt  with  natural  rubber 

Asphalt  with  reclaimed  rubber  A. . 
Asphalt  with  reclaimed  rubber  B . . 
Asphalt  with  synthetic  rubber 

Asphaltic  concrete  (Texas): 

Plain  asphalt 

Asphalt  with  natural  rubber 

Asphalt  with  reclaimed  rubber 

Asphaltic  concrete  (Virginia): 

Plain  asphalt 

Asphalt  with  natural  rubber 

Sand-asphalt  mixture  (D.  C): 

Plain  asphalt,  60-70  penetration  '.. 

Asphalt  with  natural  rubber  - 

Asphalt  with  synthetic  rubber  2 

Asphalt  with  reclaimed  rubber  2___ 
Asphalt  with  plasticized  rubber  3. . 

Sheet-asphalt  mixture  (D.  C): 

Plain  asphalt,  60-70  penetration  i__ 
Plain  asphalt,  85-100  penetration  «_ 

Asphalt  with  natural  rubber  - 

Asphalt  with  synthetic  rubber  2_.. 
Asphalt  witli  reclaimed  rubber2.,. 
Asphalt  with  plasticized  rubber  3.. 


Original  material 


Penetra- 
tion, 

77°  F. 


94 


89 


64 
45 
53 

47 


64 
93 
63 
70 
66 


Softening 
point 


°F. 
122.0 


122. 


120. 


114.4 


123.0 
141.  5 
135.  0 
133.8 
126.4 

123.  0 
117.0 
134.0 

129.1 

126.  3 
126.  4 


Ductil- 
ity, 77° 
F. 


Cm. 
175 


170 


164 


+250 
32 
25 
18 
34 

+250 
+250 

33 

22.5 

16 

34 


Asphalt  recovered  from  pav- 
ing mixture 


Penetra- 
tion, 

77°  F. 


17 
43 

45 
46 

64 
64 

H 

59 
66 
62 


58 
43 
61 
53 

63 


65 
88 


Softening 
point 


°F. 
132.  4 
135.5 

135.0 

135.  y 

131.9 
131.9 
137.  0 

129.9 
128.5 
129.  9 

122.7 
118.0 

126.0 
131.9 
126.  3 

12S.  0 
132.0 

128.6 

118.5 

120.8 
133.5 


Puctil- 
itv,  77° 
F. 


Cm. 
136 

78 


103 

100 
99 
65 

130 
134 

175 

103 
250 

187 
+250 
+250 
+  250 

188 

225 

+25(7 

+250 

222 

IMS 


1  Used  in  all  sections  of  sand  asphalt,  except  in  plasticized  rubber  blends,  and  in  control  sections  for  sheet  asphalt. 
■  Rubber-asphalt  blend  prepared  in  laboratory  by  mixing  at  300°  F.  for  2  hours. 

3  Plasticized  rubber  blended  with  asphalt  at  refinery  and  added  to  aggregate  at  mixing  plant. 

4  Used  in  all  rubber-asphalt  blends  for  sheet  asphalt  and  in  plasticized  rubber  blend  for  sand  asphalt. 


the  mixtures  by  adding  them  to  the  aggregate 
prior  to  the  asphalt.  The  plasticized  rubber 
was  blended  with  asphalt  at  the  refinery. 
Therefore,  the  characteristics  of  the  powdered 
rubber-asphalt  blends  were  not  known  as 
they  existed  in  the  asphalt  concrete.  In  order 
that  some  comparison  could  be  made  between 
the  powdered  rubber-asphalt  blends  before 
and  after  recovery,  laboratory  blends  were 
prepared  with  the  rubber  powders  and  asphalt 
cements  used  in  the  District  of  Columbia 
experiment  in  the  same  proportions  as  in  the 
paving  mixtures.  These  blends  were  made  by 
mixing  the  asphalt  and  rubber  for  2  hours 
at  300°  F.     The  test  characteristics  of  these 


materials,  together  with  those  for  the  plasti- 
cized rubber  blend,  are  given  in  table  17. 
Figure  23  shows  the  effect  of  the  time  of 
heating  on  the  softening  point  of  the  blends  of 
the  60-70  and  85-100  penetration  asphalts 
with  the  powdered  rubbers.  The  results  of 
the  penetration,  softening  point,  and  ductility 
tests  on  the  laboratory-prepared  rubber- 
asphalt  blends  also  are  shown  in  table  16  for 
comparison  with  the  same  tests  on  the 
recovered  bitumens. 

A  comparison  of  the  laboratory-prepared 
rubber-asphalt  blends  with  the  bitumens  re- 
covered from  the  paving  mixtures  shows  that, 
in  general,  the  recovered  bitumens  had  higher 
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Figure  22. — Relation  between  softening  point  and  penetration 
of  various  grades  of  asphalt  from  the  same  source  with  and 
without  5  percent  rubber  R-l,  before  and  after  thin-film 
oven  test. 


penetrations,  lower  softening  points  and  very 
much  higher  ductilities  than  did  the  la' 
tory-prepared  blends.  It  is  recognized  that 
the  blends  prepared  in  the  laboratory  arc  not 
necessarily  comparable  with  the  combinations 
of  rubber  powders  and  asphalts  as  they  existed 
in  the  pavement.  If  it  can  be  assumed  that 
they  had  somewhat  similar  characteristics,  the 
differences  in  penetration,  softening  point,  and 
ductility  which  have  been  noted  could  be  ac- 
counted for,  at  least  partially,  by  the  fact  that 
free  particles  of  rubber  are  lost  frorrfthe  blend 
during  extraction. 

In  the  case  of  the  plasticized  rubber  blend 
there  is  opportunity  for  a  direct  comparison 
between  the  original  blend  and  the  blends  ex- 
tracted from  the  paving  mixture.  In  this  case, 
in  contrast  to  the  powdered  rubber  blends,  the 
recovered  bitumen  had  a  lower  penetration 
and  a  higher  softening  point  than  did  the  orig- 
inal blend.  However,  as  in  the  case  of  the 
laboratory  blends,  the  ductility  of  the  recov- 
ered bitumen  was  much  higher  than  the 
ductility  of  the  original  blend. 

From  the  data  given  in  tables  16  and  17  on 
the  extraction  and  recovery  tests,  on  the  lab- 
oratory-prepared blends,  and  on  the  plas- 
ticized rubber  blend  prepared  at  the  refinery, 
it  can  be  seen  that  there  was  little  or  no  cor- 
relation between  the  properties  of  rubber- 
asphalt  blends  and  the  properties  of  the  blends 
recovered  from  the  asphaltic  paving  mixtures, 
as  measured  by  the  penetration,  softening 
point,  and  ductility  tests. 
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Figure  23. — Effect  of  time  of  healing  on  sof- 
tening point  of  blends  of  various  rubbers 
with  60-70  and  85-100  penetration  grades 
of  asphalt  (used  in  District  of  Columbia 
experimental  pavement). 
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lable  17. — Results  of  tests  on  laboratory  blends  of  asphalt  and  various  rubbers  used  on 
District  of  Columbia  experimental  pavements 


CO- 70  penetration  asphalt 
blended  with  rubber  indicated 


85-100  penetration  asphalt  blended 
with  rubber  indicated 


None 
(un- 
blend- 
ed) 


Softening  point  after  mixing:     ' 

5  nun °B-... 

30min °F... 

60min eF... 

wimfn °F... 

120  min °F.._ 

Tests  on  mixture  after  heating  2  hours: 

Penetration,  100  g.,  5  sec: 

At50°  P. ... ._ 

At  77°  F 

At  95°  F_._ 

Ductility,  77°  F cm.. 

Rebound _ percent  -  - 

Thin-film  oven  test: 

Loss,  5  hr.,  325°  F percent.. 

Tests  on  residue: 

Penetration,  77°  F 

Softening  point °F.. 

Ductility cm.. 

Rebound percent . . 


123.0 


13 

04 

192 

+250 


0.15 

38 

132.8 
+250 


5.2  per- 
cent 
natural 


5.2  per- 
cent 
syn- 
thetic 


129.0 
133.0 
135.  5 
139.0 
141.5 


12 
45 
105 
32 

78 

0.14 

54 

128.0 
+250 


128.6 
133.6 
133.5 
134.5 
135.0 


16 
53 
120 
25 
60 

0.14 

36 

146.0 
30.5 


7.0  per- 
cent re- 
claimed 


129.0 
130.8 
131.5 
132.8 
133.8 


11 
47 
121 
18 
31 

0.19 

33 

148.5 
14.5 
62 


None 


117.0 


18 
93 

275 
+250 


0.27 

54 
126.5 
188 


5.2  per- 
cent 


5.2  per- 
cent 


(un- 
blend-       "rC"  i     syn- 
od)      natural    thetic 


120.3 
125.3 
129.2 
131.5 
134.0 


18 
63 
137 
33 

58 

0.24 


124.5 


122.0 
126.5 
127.0 
128.5 
129.1 


16 
70 
174 
22.5 
50 

0.24 

48 

141.0 
42 
70 


7.0  per- 
cent re- 
claimed 


122.5 
126.0 
127.0 
126.3 
126.3 


16 
66 
162 
16 
27 

0.27 

45 

142.0 
17.0 
64 


25.0 

prnvlll 

plasti- 
cized  i 


126.4 


21 
78 
190 
34 
32 

0.39 

50 
139.0 
24.5 
27 


1  Tests  madelon  rubber-asphalt  blend  prepared  at  refinery  with  85-100  penetration  asphalt. 

Table  18. — Viscosities  of  blends  of  SC-3  liquid  asphalt  and  5  percent  of  various  rubber 
powders  after  periods  of  aging  at  room  temperature 


Viscosity  >  at  95°  F.  after— 

1  day 

3  days 

7  days 

16  days 

56  days 

127  days 

400  days 

Unblended  SC-3 

Poises 
160 

285 
210 
310 
605 
350 

Poises 
157 

335 
228 
313 
550 
610 

Poises 
155 

390 
230 
310 

580 
780 

Poises 
162 

383 

230 

350 

605 

1,360 

Poises 
155 

443 
240 
335 
675 
1,500 

Poises 
155 

555 
240 
330 
750 
1,510 

Poises 
155 

425 
235 
280 
665 
1,530 

Blend  of  SC-3  and— 
R-l. 

R-2 

R-6 

R-10.._. -.. 

R-13 

Determined  by  ,Brookfield*Synchro-Lectric';viscometer]witb  spindle  No.  6  and  speed  of  rotation  of  2  r.p.m. 


Specific    gravity,    77°/ 

77°  F 0.987 

Saybolt    Furol    viscos- 
ity, 140°  F 511  sec. 

Distillation  test: 

Volume    of    distil- 
late to  680°  F__     0.  0  percent 
Tests    on    distilla- 
tion    residue: 
Float     test      of 

122°  F 88sec. 

Residue   of    100   pene- 
tration     79.  4  percent 

Tests  on  residue: 

Penetration,  77°F.     102 
Ductility,  77°  F__       88  cm. 

Blends  were  prepared  at  room  temperature 
with  this  material  and  5  percent  of  rubber 
powders  R-l,  R-2,  R-6,  R-10,  and  R-13. 
After  thorough  mixing,  the  blends  were  sealed 
in  1-quart  friction-top  cans  and  stored  in  the 
laboratory.  After  periods  of  1,  3,  7,  16,  56, 
127,  and  400  days  the  blends  were  heated  to 
95°  F.,  stirred  to  insure  uniformity,  and  their 
viscosity  determined  at  95°  F.  by  means  of 
the  Brookfield  viscometer.  The  results  of 
these  tests  on  the  original  SC-3  liquid  asphalt 
and  the  various  rubber  blends  are  given  in 
table  18.  The  changes  in  the  viscosity  of 
these  materials  are  shown  in  figure  24,  where 
the  time  of  storage  is  plotted  against  the 
viscosity. 

There  was  a  very  large  difference  in  the 
change  in  viscosity  for  the  various  rubber 
blends  during  storage.  After  1-day  storage, 
all   the   blends   hadfhigher   viscosity    values 


Therefore,  to  obtain  at  this  time  a  definite 
idea  as  to  the  effect  of  rubber  powders  on  the 
physical  properties  of  asphalt,  recourse  must 
be  made  to  tests  of  rubber-asphalt  blends 
prepared  in  the  laboratory.  It  should  be 
noted,  as  indicated  in  table  16  and  as  has  been 
shown  by  other  investigations,  that  the  prop- 
erties  of  normal  asphalt  cements  may  be  con- 
siderably altered  during  the  mixing  and  laying 
operation.  If  similar  changes  take  place  in 
the  characteristics  of  the  rubber-asphalt  blends 
during  the  mixing  and  laying  operation,  they 
cannot  be  determined  at  present  because  no 
extraction  and  recovery  method  available  can 
recover  the  rubber-asphalt  blend  as  it  exists 
in  the  pavement. 

Effect  of  Rubber  on  Liquid  Asphalt 

This  report  so  far  lias  been  confined  to  the 
etl'eet  of  rubber  on  asphalt  cements  when  com- 
bined at  relatively  high  temperatures.  It  has 
been  demonstrated  that  variations  in  these 
high  mixing  temperatures  produced  changes 
in  the  characteristics  of  some  of  the  rubber- 
asphalt  blends.  In  order  to  determine  the 
effect  of  the  various  rubbers  on  asphalt  ic 
terials  when  mixed  and  stored  at  normal  atmos- 
pheric temperatures,  a  separate  study  was 
made  with  a  nonvolatile,  slow-curing,  liquid 
asphaltic  material  of  the  SC-3  grade.  The 
characteristics  of  this  material  were  as 
follows: 
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Figure  21.— Change  in  viscosity  of  blends  of  SC-3  liquid  asphalt  with  5  percent  of  various 
powdered  rubbers  during  storage  at  room  temperature. 
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Figure  25. — Effect  of  rubber  on  flow  and 
elastic  properties  of  SC-3  liquid  asphalt: 
above,  unblended  asphalt ;  beloiv,  rubber- 
asphalt  blend. 

than  the  original  SC-3  material.  The  range 
in  viscosity  was  from  210  to  605  poises.  In- 
creasing the  storage  period  to  either  56  or 
127  days  increased  the  viscosities  of  all  the 
blends,  after  which  some  of  the  blends  showed 
a  slight  decrease  in  viscosity.  At  16  days 
storage  the  range  in  viscosity  was  230-1,360 
poises  and  at  127  days  240-1,510  poises. 
The  reclaimed  rubber  R-2  showed  the  least 
effect  of  the  storage  period  and  rubber  R-13 
the  greatest  effect. 

The  viscosity  of  the  blend  conta  ning  rub- 
ber R-l  increased  gradually  during  storage 
up  to  127  days  but  did  not  develop  the  high 
viscosity  that  would  be  expected  when  com- 
pared with  the  viscosity  of  the  blends  pre- 
pared with  the  same  rubber  and  the  asphalt 
cements.  This  may  be  attributed  to  the  effect 
of  temperatures  at  which  the  respective  blends 
were  prepared.  The  relative  order  of  the 
viscosity  developed  in  storage  by  the  other 
blends  of  SC-3  asphalt  and  rubber  is  the  same 
as  for  the  blends  of  asphalt  cements  with  the 
same  rubbers.  Figure  25  shows  the  effect  of 
the   GR-S    Type    II    rubber,    R-13,    on    the 
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flow  and  elastic  properties  of  the  SC-3  ma- 
terial. 

Theories  about  Rubber-Asphalt 

During  the  development  of  the  use  of  rub- 
ber powder  as  a  modifier  for  asphaltic  ma- 
terials, several  theories  have  been  advanced 
as  to  what  happens  when  these  two  materials 
are  combined.  In  a  report  by  van  Der  Bie 
and  Kain  (1)  in  1938,  the  following  theory 
was  advanced:  Asphaltic  bitumens  are  re- 
garded as  a  colloidal  system  of  particles,  rich 
in  asphaltenes,  in  a  medium  of  malthenes. 
When  rubber  is  added,  the  asphaltenes  remain 
unchanged  while  a  portion  of  the  rubber  is 
dissolved  by  the  malthenes,  thus  increasing 
their  viscosity  and,  consequently,  that  of  the 
entire  system.  Initially  the  greater  part  of 
the  rubber  remains  in  the  form  of  granules 
and  absorbs  a  portion  of  the  malthenes  which 
cause  them  to  swell.  This  causes  the  remain- 
ing bitumen  phase  to  become  harder. 

In  another  report,  van  Rooijen  (1)  in  1941 
gave  the  following  explanation  of  the  effect  of 
natural  rubber  on  asphaltic  bitumens:  The 
addition  of  rubber  powder  to  asphaltic  bitumen 
creates  a  disperse  system  in  which  the  rubber 
particles,  which  have  swollen,  are  dispersed 
in  the  bituminous  medium.  When  the  swelling 
of  the  rubber  is  sufficiently  great,  the  volumes 
of  the  two  phases  may  be  about  equal.  A 
reversal  of  phases  may  then  occur  in  which 
the  rubber  becomes  the  continuous  phase. 
This  may  be  accompanied  by  a  coagulation  of 
the  asphaltenes  by  the  depolymerized  rubber. 
This  theory  was  used  to  explain  why  rubber- 
asphalt  mixtures  first  become  softer  on  heating 
to  high  temperatures  and  with  continued 
heating  again  become  harder. 

Coltof  {24)  in  1937  studied  the  solubility 
properties  of  certain  highly  polymeric  sub- 
stances, paying  special  attention  to  the 
phenomenon  of  dissolution  in  regard  to  dis- 
persion,   swelling,    and    ballast    action.      He 


obseived  that  the  primary  phenomenon  is 
swelling.  The  swollen  material  grows  and 
changes  into  a  gelatinous  mass  and  ultimately 
becomes  completely  miscible  with  the  solvent. 
Coltof  stated  that  there  are  two  kinds  of 
interaction  between  a  liquid  (simple  or  mix- 
ture) and  a  highly  polymeric  substance:  Mis- 
cibility  in  all  proportions  (resulting  in  a 
solution  or  in  a  jelly)  according  to  the  fluidity 
of  the  mixture,  and  limited  swelling  (part  of 
the  liquid  being  absorbed  by  the  particles 
while  a  certain  part  of  the  substance  passes 
into  the  remainder  of  the  liquid).  He  states 
further  that  heating  tends  to  increase  disper- 
sion and  decrease  swelling. 

De  Decker  {25)  in  1951  stated  that  the  be- 
havior of  dispersed  rubber  powders  which 
causes  the  changes  in  the  physical  properties 
of  rubber-asphalt  blends  is  not  yet  fully 
explained  and  the  research  in  the  behavior  of 
the  rubber-asphalt  binding  material  in  a 
complete  asphalt  mixture  is  only  in  the  first 
stage. 

Photomicrographs  of  Blends 

During  the  preparation  of  the  rubber- 
asphalt  blends,  it  was  evident  that  many  of  the 
rubber  powders  used  in  this  study  retained 
their  particle  form  even  when  subjected  to 
very  severe  heat  treatment,  while  blends  con- 
taining other  rubber  powders  became  homo- 
geneous under  less  severe  conditions  of  mixing. 
A  microscopic  study  of  materials  of  this  nature 
is  dependent  upon  the  ability  to  prepare  films 
sufficiently  thin  to  transmit  light.  It  was 
found  that  for  some  of  the  rubber  powders, 
which  were  of  relatively  large  particle  size  and 
did  not  break  down  in  the  presence  of  asphaltic 
materials  during  mixing  and  heating,  suitable 
films  of  the  blends  could  not  be  prepared.  In 
preparing  the  slides,  a  small  drop  of  the 
rubber-asphalt  blend  was  placed  on  a  glass 
microscope  slide,  a  cover  glass  was  placed  on 


Figure  26.— Photomicrographs  of  blends  of  asphalt  AC- 1  with  various  powdered  rubbers 
after  heating  and  mixing  at  300°  F.  for  2  hours  (X34). 
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Figure  28. — Photomicrographs  of  blend  of 
rubber  R-14  with  SC-3  liquid  asphalt 
(X33).  Above:  Blend  after  8  days,  after 
standing  1  day  without  stirring  before 
slide  ivas  made.  Below.  The  same  slide, 
24  hours  later,  showing  development  of 
rubber  structure  on  standing  undisturbed. 

top,  and  the  assembly  was  warmed  sufficiently 
so   that   light   pressure   applied   to   the   cover 

tss  caused  the  material  to  flow  into  a  thin 
film.  As  mentioned  above,  where  large  parti- 
cles of  rubber  were  present  between  the  cover 
glass  and  slide  it  was  not  possible  to  make  the 
film  sufficiently  thin  to  transmit  light. 

Where  satisfactory  slides  could  be  made, 
photomicrographs  were  taken  of  some  of  the 
rubber-asphalt  blends  prepared  by  heating  for 
2  hours  at  300°  F.  The  state  in  which  the 
rubber  existed  in  the  asphalt  at  this  time  is 
illustrated  by  figure  26.  Although  photo- 
micrographs of  some  of  the  rubber-asphalt 
blends  are  not  showu  here,  the  various  rubbers 
appeared  to  fall  into  two  groups  depending 
upon  their  behavior.  The  natural  rubber 
R-l  and  the  synthetic  rubbers  R-7,  R-8, 
R-10,  R-13,  and  R-14  appeared  to  have 
softened  and  were  dispersed  throughout  the 
asphalt.  The  reclaimed,  processed,  and 
ground  scrap  rubbers  R-2,  R-3,  R-4,  R-5, 
R-15,  and  R-16  and  the  synthetic  rubbers 
R-C  and  R-9,  except  for  some  swelling, 
appeared  to  be  relatively  unaffected  in  the 
asphalt  blend.  It  is  of  interest  to  point  out 
the  fact  that  those  rubbers  that  showed  the 


greatest  change  in  particle  structure  when 
blended  with  the  hot  asphalt  also  produced 
the  greatest  changes  in  the  properties  of  the 
rubber-asphalt  blends  as  measured  by  the 
physical  tests. 

Detailed  Photomicrographic  Study 

Since  the  first  photomicrographic  study 
showed  a  wide  difference  in  appearance  of  the 
various  rubbers  when  mixed  with  asphalt,  a 
more  detailed  study  was  undertaken  to  deter- 
mine the  relative  behavior  of  some  of  the 
rubber  powders.  To  reduce  the  influence  of 
the  particle  size,  only  that  portion  of  powdered 
rubber  passing  a  No.  50  sieve  and  retained 
on  a  No.  80  sieve  was  used.  To  eliminate 
the  effect  of  heat,  as  used  in  preparing  the 
blends  with  asphalt  cements,  the  SC-3  liquid 
asphalt  previously  referred  to  was  used  so 
that  blends  could  be  made  at  room  tempera- 
ture. Blends  were  prepared  with  the  SC-3 
asphalt  containing  5  percent  of  rubbers  R-l, 
R-2,  R-6,  R-10,  R-13,  and  R-14.  Films  of 
the  blends  were  made  immediately  after 
mixing  and  after  1,  2,  4,  and  7  days  storage  at 
room  temperature.  Photomicrographs  were 
taken  of  these  films  and  also  of  the  rubber 
powder,  as  shown  in  figure  27. 

During  the  7-day  period,  the  particles  of 
rubbers  R-l,  R-2,  and  R-6  showed  some 
swelling.  There  was  some  disintegration  of 
individual  particles  of  R-6  but  none  of  R-l. 
The  streaks  shown  in  the  blend  with  rubber 
R-2  at  1-  and  2-day  periods  probably  were 
due  to  some  of  the  carbon  black  flowing  from 
the  rubber  particles  through  the  asphalt. 

Rubber  R-10  appeared  to  break  into  smaller 
particles  during  the  initial  mixing.  After  1 
day  there  was  considerable  swelling  of  the 
rubber,  followed  by  a  gradual  breakdown  and 
disappearance  of  the  large  particles.  At  7 
days,  there  were  only  a  few  small  rubber 
particles  visible. 

The  particles  of  rubbers  R-13  and  R-14 
seemed  to  soften  and  swell  very  rapidly. 
After  this  condition  the  rubber  appeared  to  be 
dissolved  or  dispersed  in  the  asphalt,  and  at 
7  days  only  slight  traces  of  the  rubber  were 
visible. 

The  striking  difference  in  the  behavior  of 
the  natural  rubber  R-l  when  mixed  with 
asphalt  cement  (fig.  26)  and  with  the  SC-3 
liquid  asphalt  (fig.  27)  probably  was  due  to 
the  difference  in  mixing  temperature,  as 
previous  work  has  shown  this  rubber  to  be 
very  unstable  when  subjected  to  high  tempera- 
tures. 

As  previously  indicated,  the  changes  in 
particle  structure  during  the  heating  of  the 
rubber  powders  could  not  be  followed  by 
photomicrographs,  although  it  was  apparent 
that  those  rubbers  which  formed  homogeneous 
mixtures  did  swell  to  some  extent,  softened, 
and  dissolved  or  were  finely  dispersed.      The 


reclaimed  and  processed  rubber  and  ground 
vulcanized  scrap,  as  well  as  the  GR-S  Type  V 
rubber  R-6,  did  not  swell  to  a  greal  exti 
but  did  break  down  to  smaller  particles  in  the 
hot  asphalt.  When  mixed  with  SC-3  liquid 
asphalt,  natural  rubber  R-l,  which  formed  a 
homogeneous  mixture  with  the  hot  asphalts, 
swelled  but  slightly  and  retained  its  particle 
structure  in  the  same  manner  as  the  more  inert 
rubbers  in  the  SC-3  liquid  asphalt. 

During  the  blending  of  rubbers  R-13  and 
R-14  with  the  SC-3  liquid  asphalt,  it  was 
noticed  that  these  blends  developed  a  high 
degree  of  gelation  during  storage  and  on 
stirring  they  became  very  rubbery.  In  an 
attempt  to  show  this  change  in  condition, 
slides  of  the  blended  rubber  R-14  were  pre- 
pared on  the  eighth  day  without  stirring  the 
mixture  for  24  hours.  Definite  changes  in 
the  rubber  structure  were  found  to  have 
occurred  in  these  materials,  as  illustrated  in 
figure  28,  for  the  blend  of  SC-3  asphalt  and 
rubber  R-14. 

The  photomicrograph  taken  of  the  blend 
without  stirring  shows  considerable  more 
rubber  structure  than  does  the  photomicro- 
graph of  the  same  blend  after  7  days,  shown 
in  figure  27.  The  photomicrograph  of  the 
slide  after  24  hours  (figure  28,  bottom)  shows 
the  rubber  to  have  separated  or  coagulated 
to  a  much  greater  extent.  These  condit'ons 
no  doubt  account  for  the  physical  changes 
occurring  in  the  blends  of  rubbers  R— 13  and 
R-14  with  the  SC-3  liquid  asphalt.  Changes 
such  as  these  with  the  SC-3  liquid  asphalt 
have  not  been  noticed  with  the  blends  pre- 
pared with  asphalt  cements. 

References  to  various  theories  that  have 
been  advanced  (1)  as  to  what  happens  when 
rubber  powders  are  blended  with  asphaltic 
materials  indicate  that  some  investigators 
believe  that  the  rubbers  are  soluble  only  in 
the  malthene  portion  of  the  asphalts.  Con- 
sidering the  variable  solubilities  of  the  rubber 
powders  in  simple  solvents,  such  as  those 
normally  used  in  the  examination  of  bitumi- 
nous materials,  and  considering  the  changes 
in  particle  size  and  structure  of  the  rubber 
blends  with  the  asphalt  and  SC-3  slow-curing 
liquid  asphalt,  as  shown  in  the  photomicro- 
graphs, it  might  well  be  assumed  that  these 
asphaltic  materials  act  as  a  solvent  mixture. 
According  to  Coltof  ('.",),  therefore,  these 
rubber  powders,  depending  upon  the  degree 
of  vulcanization,  upon  the  presence  of  non- 
rubber  bodies,  and  upon  the  temperatures 
involved  in  effecting  solution,  might  act  in 
the  same  manner  as  other  highly  polymeric 
substances  in  simple  or  complex  solvi 
The  amount  of  dissolution,  the  dispersion,  and 
the  swelling  that  occur  when  blending  the 
various  rubbers  with  asphaltic  materials  may 
lie  due  to  the  action  of  the  asphaltic  material 
itself  and  not  to  the  selective  action  of  its 
malthene  fraction. 
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A  laboratory  Study  of 
Rubber-Asphalt  Paving  Mixtures 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  HARRY  M.  REX,  Supervising  Highway  Physical  Research  Engineer 
and  ROBERT  A.  PECK,  Highway  Physical  Research  Engineer 


DURING  recent  years,  the  use  of  several 
types  of  rubber  admixtures  in  bituminous 
roads  has  been  promoted  intensively.  The 
principal  advantages  claimed  for  bituminous 
road  surfaces  containing  rubber  over  conven- 
tional pavements  are  lower  susceptibility  to 
temperature  change,  being  less  likely  to  crack 
in  cold  weather  and  less  likely  to  be  displaced 
by  traffic  in  hot  weather,  greater  resistance  to 
the  action  of  water,  greater  resistance  to  abra- 
sion by  traffic,  higher  resistance  to  skidding, 
and  longer  life,  with  lower  maintenance  costs. 

Considerable  interest  in  this  idea  has  been 
shown  by  man}'  States  and  cities  in  the  United 
States,  and  has  resulted  in  the  installation  of 
test  sections  on  a  number  of  city  streets  and 
State  highways  for  the  purpose  of  determining 
the  value  of  adding  rubber  under  actual  serv- 
ice conditions.  The  Bureau  of  Public  Roads 
participated  in  observing  the  construction  of 
test  sections  in  several  of  the  States,  through 
the  courtesy  of  the  respective  highway  depart- 
ments. Skid-resistance  measurements  are  be- 
ing made  periodically  on  some  of  these  test 
sections  by  the  State  highway  departments. 
Also,  it  is  hoped  that  laboratory  testing  of 
samples  cut  from  the  test  roads  from  time  to 
time  will  show  the  comparative  degree  of  pro- 
gressive alteration  in  other  properties  of  the 
mixtures  that  occurs  with  age. 

In  the  field  experiments,  several  different 
forms  of  rubber  have  been  used:  rubber  latex, 
rubber  powders  or  crumbs,  and  so-called  plas- 
ticized  rubber.  The  rubber  latex,  as  used  in 
the  United  States,  has  been  a  synthetic  prod- 
uct. The  rubber  powders  used  have  consisted 
of  natural  and  synthetic  materials,  and  of 
processed  reclaimed  rubber.  Two  methods  of 
incorporating  the  rubber  powders  into  the  final 
paving  mixture  have  been  used:  adding  the 
powder  directly  to  the  aggregate  in  the  mixing 
box  just  before  adding  the  bituminous  ma- 
terial, and  preblending  the  rubber  with  the 
bituminous  material  and  then  mixing  the  blend 
with  the  aggregate.  The  so-called  plasticized 
rubber  is  a  proprietary  commercial  compound 
which  has  been  used  widely  as  a  joint-  and 
crack-filler.  While  its  exact  composition  is 
not  known,  this  product  is  believed  to  consist 
essentially  of  synthetic  rubber  and  bitumen, 
and  for  the  purpose  of  this  study  has  been 
considered  as  a  preblend  of  rubber  and  bitu- 
minous material. 

Decisions  as  to  the  value  of  additive  rubber 
derived  from  the  relative  service  behavior  of 
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test  roads  must  necessarily  await  the  passage 
of  considerable  time.  Study  of  the  literature 
indicates  that  to  date  most  of  the  laboratory 
research  on  the  subject  has  been  devoted  to 
work  with  blends  of  asphalt  and  rubber,  and 
very  little  to  investigations  of  asphalt-rubber- 
aggregate  mixtures.  In  order,  therefore,  to 
determine  to  what  extent  the  addition  of 
rubber  to  bituminous  mixtures  would  change 
certain  laboratory  test  properties  of  these  mix- 
tures, and  thereby  to  arrive  at  conclusions, 
of  a  tentative  nature  at  least,  with  respect  to 
the  value  of  adding  the  rubber,  this  laboratory 
study  was  initiated. 

It  was  realized  when  planning  the  study, 
that  interest  in  the  development  of  new  types 
and  forms  of  rubber  for  use  in  bituminous 
paving  is  continuing.  Likewise,  new  methods 
of  incorporating  the  rubber  materials  now  in 
use  experimentally  may  be  developed,  or  per- 
haps it  may  be  found  advantageous  to  com- 
bine the  rubbers  with  types  of  bituminous 
materials  other  than  those  presently  employed 
for  the  purpose.  Meamvhile,  this  study  was 
designed  with  a  view  to  evaluating  the  ma- 
terials and  methods  of  incorporation  that  have 
been  most  widely  used  in  this  country  to  date. 

Conclusions 

Bearing  in  mind  the  limited  scope  of  this 
study  with  respect  to  the  number  and  kinds  of 
rubber  materials,  the  single  proportion  of 
rubber,  and  the  single  grade  and  source  of  as- 
phalt employed,  the  test  results  are  believed 
to  warrant  the  following  comments. 

1.  When  added  in  the  form  of  powder,  the 
incorporation  of  rubber  lowers  the  compati- 
bility of  an  asphaltic  paving  mixture.  In  this 
regard  the  results  of  the  laboratory  tests  were 
consistent  with  results  of  density  tests  that 
have  been  made  on  samples  taken  from  several 
experimental  road  surfaces  shortly  after  their 
construction.  As  tested  in  the  laboratory, 
mixtures  containing  such  rubber  powders, 
when  compacted  under  standard  conditions. 
have  lower  stability  and  higher  susceptibility 
to  temperature  change  than  control  mixes 
without  rubber. 

2.  In  most  of  the  field  experiments  installed 
in  this  country  to  date,  the  rubber  has  been  in- 
corporated by  adding  it  in  powder  form  to  the 
aggregate  before  mixing  with  asphalt.  Re- 
sults of  the  laboratory  tests  show  that  mix- 
tures prepared  by  preblending  the  rubber  with 


asphalt  are  much  more  compactible  and  stable 
than  corresponding  mixtures  containing 
rubber  that  has  been  added  in  the  form  of 
powder.  .  In  fact,  mixtures  containing  three 
of  the  four  rubber  materials  tested  in  pre- 
blended  form  showed  higher  stabilities  than 
the  control  mixture  without  rubber. 

3.  In  the  results  of  compression  tests  of  mix- 
tures containing  rubber  powders  molded  un- 
der varied  pressures  to  produce  equally  low 
densities,  and  especially  in  the  results  of 
mixes  containing  preblended  rubber  and  as- 
phalt, it  is  possible  to  discern  a  degree  of  re- 
lation between  the  changes  in  stability,  plas- 
ticity, and  susceptibility  to  temperature 
change  of  the  mixtures  in  this  study  and  the 
changes  in  penetration,  softening  point,  and 
susceptibility  obtained  in  previous  laboratory 
studies  made  of  blends  of  asphalt  and  rubber. 
Such  relation  is  entirely  lacking  in  results  of 
compression  tests  on  mixtures  containing 
rubber  powders  compacted  under  standard 
pressure. 

4.  Although  the  results  show  that  the  plastic 
properties  of  pavements  containing  preblended 
synthetic,  natural,  and  plasticized  rubber  and 
asphalt  would,  in  their  early  life  at  least, 
respond  at  a  slower  rate  to  temperature  change 
than  surfaces  without  rubber,  the  data  hold 
no  indication  that  pavement  surfaces  contain- 
ing any  of  the  rubber  materials  tested  would 
be  both  substantially  more  plastic  at  lower 
temperatures  and  substantially  less  plastic  at 
higher  temperatures  than  surfaces  without 
rubber.  Mixtures  containing  plasticized  rub- 
ber and  preblended  natural  rubber  were  less 
plastic  at  140°  F.  than  the  control  mix,  but. 
they  were  also  less  plastic  at  77°  F.  In 
general,  mixtures  containing  synthetic  and 
reclaimed  rubber  in  either  powder  or  preblend 
form  were  more  plastic  at  77°  F.  than  the 
control  mix,  but  they  were  also  more  plastic 
at  140°  F.  The  exception  to  this  generality 
was  the  mixture  containing  preblended  syn- 
thetic rubber  which,  after  oven  exposure  for 
21  days,  was  slightlv  less  plastic  at,  140°  F. 
and  slightly  more  plastic  at  77°  F.  than  the 
control  mix. 

5.  The  addition  of  rubber  in  either  powder 
or  preblend  form  did  not  increase  the  resist- 
ance of  the  mixture  to  the  action  of  water. 

6.  Mixtures  consisting  of  Ottawa  sand  and 
preblended  asphalt  and  natural  rubber  were 
found  to  be  more  resistant  to  abrasion  than 
the   control   mix   without    rubber,    mixes    con- 
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taining  t  he  other  preblended  rubbei 

and  mixes  containing  the  same  natural  rubber 

tesl  form  of  powder. 

Planning  the  Study 

Two  general  linos  of  approach  have 
used  in  planning  laboratory  and  field  studies 
of  asphalt  mixtures  containing  rubber.  In 
approach,  mixtures  consisting  of  aggregate 
and  combinations  of  rubber  and  asphalt  have 
been  compared  directly  with  control  mixtures 
containing  asphalts,  the  viscous  properties  of 
which  were  equivalent  to  those  for  the  rubber- 
asphalt  combinations  as  predetermined  by 
laboratory  tests  on  the  latter  materials.  For 
example,  if,  when  a  certain  rubber  was  added 
to  a  certain  asphalt  in  the  85-100  penetration 
range,  it  was  found  that  the  penetration  of  the 
resulting  combination  was  between  60  and 
70,  then  an  asphalt  in  the  G0-70  penetration 
range  would  be  selected  for  the  asphalt- 
aggregate  control  mixture. 

This  approach  entails  a  number  of  practical 
difficulties.  In  the  first  place,  it  has  been 
found  that  different  types  of  rubber  vary  with 
respect  to  their  solubility  in  asphalt,  and  thus 
with  respect  to  their  effect  on  consistency.  A 
test  program  involving  several  types  of  rubber 
might,  therefore,  require  several  control  mix- 
tures. In  any  case,  the  degree  of  mutual 
solubility  of  rubber  and  asphalt  actually 
attained  in  any  given  blend  or  combination  is 
very  difficult  to  determine.  Thus  it  is  very 
difficult  to  decide  whether  observable  differ- 
ences in  physical  characteristics  are  attribu- 
table to  properties  of  a  complex  substance 
(mutually  dissolved  asphalt  and  rubber)  or  to 
properties  of  asphalt  in  which  an  essentially 
inert  material  is  dispersed. 

Again,  one  of  the  claims  made  for  pavements 
containing  rubber  is  that  they  are  less  prone 
to  reflect  cracks  in  underlying  rigid  pavements. 
If,  in  a  field  experiment  laid  over  such  a  pave- 
ment, cracking  is  found  in  a  control  section 
containing  60-70  penetration  asphalt  and  is 
not  found  in  adjacent  sections  containing 
blends  of  rubber  and  85-100  penetration 
asphalt,  the  question  logically  arises  as  to 
whether  cracking  would  have  occurred  in  the 
control  section  had  85-100  penetration  asphalt 
been  used  there  as  well  as  in  the  rubber 
section. 

The  other  approach,  and  the  one  used  in 
planning  this  study,  confines  the  scope  to 
consideration  of  one  question  only:  namely, 
what  is  the  effect  of  adding  a  small  quantity 
of  rubber  to  a  bituminous  mixture  consisting 
of  a   given   aggregate   and   a  given   asphalt? 

Tabic  1 . — Results  of  sieve  analysis  of  rubber 
powders 
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By  using  the  same  grade  of  asphalt  in  the 
fcrol  mixture  as  is  used  in  the  mixtures  to 
which  the  rubber  is  added,  variables  other 
than  the  addition  of  rubber  are  eliminated, 
thus  permitting  clear-cut,  and  rational  com- 
parisons. 

Laboratory  Tests  Used 

The  principal  objectives  of  this  study, 
together  with  the  test  methods  selected  for 
the  attainment  of  each,  were  as  follows: 

To  determine  the  effect  of  the  manner  in 
which  the  rubber  is  added  to  the  asphalt 
mixture,  two  methods  were  employed.  In 
one,  the  rubber  powder  was  added  to  the  hot 
aggregate  in  the  mixer  prior  to  the  addition 
of  the  asphalt.  In  the  other,  the  rubber  was 
preblended  prior  to  mixing  with  the  aggregate, 
by  heating  and  stirring  the  rubber  and  asphalt 
for  a  period  of  time. 

To  determine  the  effect  of  rubber  on  the 
temperature  susceptibility  (the  rate  at  which 
the  consistency  of  the  asphalt  changes  with 
temperature)  of  the  mixture,  and  to  determine 
the  effect  of  aging  on  this  susceptibility,  un- 
confined  compression  tests  were  made  at  two 
test  temperatures,  77°  and  140°  F.,  after  the 
specimens  had  been  cured  for  1  day  in  an 
oven  at  140°  F.  and  after  they  had  been 
exposed  to  this  temperature  in  the  oven  for 
21  days. 

To  determine  the  effect  of  rubber  on  the 
resistance  of  the  mixture  to  the  action  of 
water,  the  immersion-compression  test  (ASTM 
designation  D  1075-49T)  was  made  on  speci- 
mens that  had  been  cured  for  1  day  in  an 
oven  at  140°  F.  and  on  similar  specimens  after 
they  had  been  aged  in  the  oven  at  this  tem- 
perature for  21  days.  Static  immersion  tests 
were  also  made. 

To  determine  the  effect  of  rubber  on  resist- 
ance to  abrasion,  the  modified  California 
abrasion  test  was  made. 

Details  of  Test  Procedures 

Specimens  used  in  the  compression  testing 
were  cylinders  3  inches  in  diameter  and  3 
inches  high.  Two  specimens  were  molded 
from  each  batch.  Except  for  the  size  of  speci- 
mens, size  of  batch,  and  molding  pressures 
used,  the  mixing  and  molding  procedures  fol- 
lowed were  the  same  as  in  ASTM  designation 
D  1074-52T. 

In  the  immersion-compression  testing,  12 
list  cylinders  were  prepared  and  placed  in  an 
oven  maintained  at  140°  F.  They  were 
removed  from  the  oven  24  hours  later,  allowed 
to  cool  to  a  temperature  of  77°  F.,  and  then 
measured  for  bulk  specific  gravity,  using  the 
water-displacement  method.  They  were  then 
divided  into  four  sets  of  three  specimens  each 
on  the  basis  of  the  specific  gravity  data,  so 
that  the  average  specific  gravity  of  each  of  the 
four  sets  was  approximately  the  same  as  the 
average  for  the  twelve  specimens. 

Of  the  four  sets  of  test  specimens,  set  1  was 
tested  in  compression  at  77°  F.  in  a  dry  condi- 
tion. Set  2  was  placed  in  water  at  120°  F. 
for  4  days,  at  the  end  of  which  time  the  three 
specimens  in  the  set  were  measured  again  for 
bulk  specific  gravity  and  tested  in  compression 
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at  77°  F.  Sets  3  and  4  were  replaced  in  thci 
140°  F.  oven  immediately  after  the  original 
density  determinations  had  been  made  and' 
kept  there  for  20  additional  days.  At  the 
expiration  of  this  oven-exposure  period  the| 
specimens  of  sets  3  and  4  were  removed  from 
the  oven  and  treated  in  the  same  manner  as; 
just  described  for  sets  1  and  2,  respectively. 
The  ratio  resulting  from  dividing  the  average 
compressive  strength  of  the  specimens  of  set 
2,  after  immersion,  by  the  average  compressive 
strength  of  the  specimens  of  set  1,  tested  dry, 
was  taken  as  a  measure  of  the  effect  of  water 
on  the  mixture  after  1  day  of  oven  exposure 
The  ratio  of  average  compressive  strengths  of 
specimens  comprising  sets  4  and  3  wrere  taken 
as  the  measure  of  the  effect  of  water  on  the 
mixture  after  20  additional  days  of  oven 
exposure  at  140°  F.  The  effect  of  the  simu- 
lated aging  provided  by  the  additional  oven 
exposure  was  obtained  by  comparing  the  two 
ratios,  which  represent  retained  strength 
values. 

In  the  compression  tests  to  measure  sta- 
bility, plastic  properties,  and  susceptibility  to 
temperature  change,  one  set  of  three  test 
specimens  molded  as  described  above  was 
brought  to  a  temperature  of  77°  F.  in  an  air 
bath  and  tested  in  unconfined  compression. 
A  second  set  of  three  specimens  was  brought 
to  a  temperature  of  140°  F.  and  tested  wdiile 
immersed  in  water  maintained  at  that  temper- 
ture.  Both  of  these  two  sets  of  specimens 
had  been  exposed  to  wrarm  air  in  a  140°  F. 
oven  for  24  hours  before  testing.  In  order  to 
determine  the  effect  of  aging  on  the  properties 
of  stability  and  plasticity  of  the  mixture,  two 
companion  sets  of  specimens  were  kept  in  a 
140°  F.  oven  for  20  additional  days,  at  the 
expiration  of  which  period  they  were  tested 
as  just  described. 

All  compression  testing  was  done  at  a  ver- 
tical-deformation rate  of  0.05  inch  per  minute 
per  inch  of  specimen  height.  Load  deforma- 
tion curves  were  obtained  by  means  of  an 
electrically  actuated  automatic  recorder  at- 
tached to  the  hydraulic  testing  machine. 
The  basic  or  control  mixture  used  in  all  of 
the  stability,  temperature  susceptibility,  and 
immersion-compression  tests  consisted  of 
hydrophilic  crushed  granite,  concrete  sand, 
commercial  limestone  dust,  and  85-100  pene- 
tration asphalt.1  These  materials  were  com- 
bined to  form  a  mixture  containing  (by 
weight)  5.5  parts  of  asphalt  to  100  parts  of 
aggregate  graded  as  follows: 
Passing: 

%-inch  sieve 

No.  4  sieve 

No.  10  sieve 

No.  40  sieve 

No.  200  sieve 

As  has  already  been  indicated,  only  one 
asphalt  was  used  in  this  study.  As  has  also 
been  stated  in  this  report,  asphalts  and  rubbers 
alike  appear  to  differ  with  respect  to  their 
mutual    solubility,    so    that,    had    additional 

1  This  material  is  the  same  as  that  designated  as  AC-2  in 
the  report,  The  effect  of  various  rubbers  on  the  properties  of 
petroleum  asphalts  by  R.  H.  Lewis  and  J.  Y.  Welborn, 
appearing  on  pp.  64-89. 
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asphalts  from  other  sources  been  included  in 
the  study,  a  wider  range  of  results  might  have 
been  obtained.  The  test  characteristics  of 
the  asphalt  used  are  as  follows: 

Specific  gravity,  77°/77°  F 1.012 

Penetration  100  g.,  5  sec. — 

At  50°  F 24 

At77°F 94 

At95°F 238 

Softening  point °F__   120.  0 

Ductility,  77°F cm_.        L95 

Standard  oven  test,  5  hr.,  325°  F.: 

Loss percent-  -     0.  02 

Tests  on  residue: 

Penetration,  77°  F 76 

Softening  point __°F_.    123.8 

Ductility,  77°  F cm--       160 

Thin-film  oven  test,  5  hr.,  325°  F.: 

Loss percent  -  _  +  0.0 1 

Tests  on  residue: 

Penetration,  77°  F 56 

Softening  point °F__        134 

Ductility,  77°  F cm..         52 

Bitumen  soluble  in  CS2 percent-.   99.  94 

Organic  insoluble do 0.  02 

Inorganic  insoluble do 0.  04 

Oliensis  spot  test Negative 

In  preparing  the  control  mix  for  the  static- 
immersion  test,  the  aggregate,  which  con- 
sisted of  quartzite  (a  hydrophilic  material) 
passing  the  %-inch  sieve  and  retained  on  the 
No.  4  sieve,  was  washed  and  heated  to  300°  F. 
The  asphalt,  which  was  also  heated  to  300°  F., 
was  mixed  with  the  hot  aggregate  by  hand  over 
a  hot  plate  until  the  best  possible  coating 
was  obtained.  The  proportions  used  for  the 
control  mixture  were  95  parts  of  aggregate  to 
5  parts  of  the  asphalt,  by  weight.  The  mix- 
ture was  then  placed  in  an  oven  at  140°  F.  for 
24  hours,  after  which  it  was  cooled  to  room 
temperature  and  divided  into  three  approxi- 
mately equal  portions.  One  of  these  portions 
was  immersed  in  distilled  water  for  24  hours 
at  a  temperature  of  100°F.  The  other 
portions  were  similarly  immersed  in  water 
maintained  at  temperatures  of  120°  and  140° 
F.,  respectively.  Upon  completion  of  the 
water-immersion  period,  each  sample  was 
examined  visually  and  the  extent  of  stripping 
estimated.  This  examination  was  made  with- 
out disturbance  or  agitation  of  the  sample, 
and  was  made  while  the  sample  was  still 
immersed  in  water.  The  area  of  the  aggre- 
gate remaining  coated  with  bitumen  at  the 
end  of  the  test  was  reported  as  a  percentage  of 
the  total  surface  area  of  the  aggregate. 

The  basic  or  control  mixture  used  for  the 
abrasion  test  consisted  of  100  parts  of  standard 
Ottawa  sand  (No.  20-No.  30)  and  two  parts 
of  asphalt,  by  weight.  Both  the  sand  and 
the  asphalt  were  heated  to  325°  F.  before  mix- 
ing in  the  laboratory  mixer.  After  mixing, 
the  batch  was  spread  out  in  shallow  pans  to  a 
depth  of  about  one-half  inch  and  allowed  to 
cool  to  air  temperature.  After  cooling,  30- 
grams  of  the  mixture  were  placed  in  each  of 
eighteen  2-ounce  ointment  tins.  These  tins 
were  then  placed  in  an  oven  at  325°  F.  to 
warm  the  mix  for  molding. 

The  tins  and  contents  were  placed  in  the 
oven   one   at   a   time   at    3-minute    intervals. 


Molding  was  started  after  9  minutes  and 
continued  at  the  rate  of  one  specimen  each  3 
minutes  so  that  the  preheating  time  for  each  30- 
gram  lot  was  uniformly  9  minutes.  The  test 
specimens  were  formed  and  tested  in  steel 
cups  having  an  inside  diameter  of  2  inches  and 
a  depth  of  %  inch.  Each  batch  of  exactly  30 
grams  of  warm  mixture  was  placed  in  one 
of  the  warm  molds  and  compressed  under  a 
load  of  1 ,000  pounds  per  square  inch  maintained 
for  1  minute.  After  molding,  the  specimens  in 
their  steel  cups  were  allowed  to  cool  to  77°  F. 
prior  to  being  placed  in  the  325°  F.  oven  foi 
weathering. 

Weathering  periods  of  }{,  1,  2,  4,  and  8 
hours  were  used.  Three  specimens  were 
tested  without  oven  exposure  and  at  the 
expiration  of  each  weathering  period.  After 
removal  from  the  oven,  the  weathered  speci- 
mens together  with  their  supporting  cups, 
were  cooled  to  room  temperature,  weighed, 
and  brought  to  test  temperature  of  77°  F.  in 
an  air  bath.  The  unweathered  specimens 
were  similarly  weighed  and  brought  to  test 
temperature. 

The  apparatus  used  in  the  abrasion  test 
was  one  that  conformed  essentially  to  the 
California  design.  The  apparatus  controls 
the  fall  of  lead  shot  at  the  rate  of  2,000  grams 
of  shot  per  minute  through  a  distance  of  1 
meter  onto  the  surface  of  the  test  specimen. 
During  the  test  the  specimen  is  rotated  at  the 
rate  of  340  r.  p.  m.  The  temperature  of 
the  test  is  controlled  by  placing  the  machine 
in  an  air  bath  held  at  77°  F.  The  shot  is 
stored  in  the  air  bath  between  tests.  The 
abrasion  loss  is  normally  reported  on  the 
basis  of  loss  per  1,000  grams  of  shot  after  a 
total  of  4,000  grams  of  shot  has  been  dropped. 
After  the  test  is  stopped,  the  specimen  is 
weighed  and  the  loss  determined  to  hundredths 
of  a  gram.  Additional  details  of  the  tesl 
procedure  are  given  in  a  previous  report.2 

Types  of  Rubber  Studied 

Three  of  the  rubber  materials  used  in  this 
study  were  in  powder  form,  and  the  fourth 
was  a  meltable  rubber  compound  or  plasticized 
rubber.  The  powdered  materials  consisted  of 
a  natural  rubber  from  Indonesia,  a  processed 
reclaimed  rubber,  and  a  synthetic  rubber.3 
Sieve  analyses  of  these  powders  are  given  in 
table  1. 

Two  different  methods  were  used  to  incor- 
porate the  powders  in  the  various  test  mix- 
tures: adding  them  to  the  hot  aggregate 
before  adding  the  asphalt,  and  preblending 
them  with  the  asphalt.  In  all  of  the  test 
mixtures,  regardless  of  the  method  of  adding 
the  rubbers,  the  proportion  of  rubber  powder 
used  was  5  percent  of  the  asphalt,  by  weight. 

In  preparing  the  test  mixtures  containing 

the  plasticized  rubber,  the  rubber  compound 

and  the  85-100  penetration  asphalt  were  pre- 

blended  in  the  proportion  of  25  and  75  percent, 

ctively.     Although   information    regard- 

2  Studies  of  the  hardening  properties  of  asphaltic  materials, 
by  J.  T.  Pauls  and  J.  Y.  Welborn.  Public  Roads,  vol.  27, 
No.  9,  Aug.  1953. 

s  These  materials  correspond  to  the  rubbers  designated  as 
R-l,  R-2,  and  R-6,  respectively,  in  the  report  cited  in  foot- 
note 1. 


ing  the  exact  rubber  content  of  the  plasticized 
material  itself  has  not  been  made  available 
by  the  manufacturer  of  this  commercial  prod- 
uct, it  has  been  estimated  that  the  amount  of 
rubber  hydrocarbons  in  the  blend  of  asphalt 
and  plasticized  rubber  compound  combined 
in  the  foregoing  proportions  is  approximately 
5  percent  by  weight  of  the  asphalt. 

In  preparing  the  preblends  of  rubber  and 
asphalt,  the  temperature  of  the  asphalt  was 
held  at  300°  F.  and  the  various  rubbers  were 
stirred  with  the  asphalt  at  that  temperature 
for  the  following  time  periods: 

Natural  rubber  powder l}i  hours 

Synthetic  rubber  powder 2  hours 

Reclaimed  rubber  powder--   2  hours 
Plasticized  rubber  compound.   1  hour 

The  blends  were  then  allowed  to  cool,  and 
thereafter  were  heated  again  to  300°  F.  just 
before  mixing  with  the  aggregate,  as  needed. 

In  preparing  all  of  the  test  mixtures  con- 
taining the  rubber  powders,  the  proper 
amounts  of  asphalt,  rubber,  and  aggregate 
for  each  batch  were  weighed  separately  and 
then  combined  in  the  order  of  their  admission 
to  the  laboratory  mixer,  as  follows:  aggregate 
(preheated  to  325°  F.),  rubber  powder,  and 
asphalt  (preheated  to  300°  F.). 

Comparing  Temperature  Susceptibil- 
ity of  the  Mixtures 

In  1949  and  1950,  experimental  asphalt- 
rubber  road  sections  were  built  by  several 
State  highway  departments.  A  number  of 
samples  of  the  mixtures  from  some  of  these 
field  experiments  were  brought  to  the  Bureau's 
laboratory  for  testing.  In  the  course  of  these 
investigations,  molded  specimens  of  the  mix- 
tures were  tested  for  unconfined  compressive 
strength  at  77°  and  120°  F.,  with  the  thought 
in  mind  that  comparison  of  the  compressive 
strengths  of  a  particular  mixture  at  the  two 
test  temperatures  would  provide  some  measure 
of  its  susceptibility  to  temperature  change. 
At  the  same  time,  load-deformation  curves 
were  obtained  by  means  of  an  automatic 
recorder  attached  to  the  testing  machine. 
Study  of  these  curves  was  made  with  a  view  to 
relating  the  character  of  the  curve  with  the 
degree  of  plasticity  of  the  mixture,  and  by  this 
means  to  develop  additional  information  as  to 
the  effect  of  temperature  change  on  the  flow 
properties  of  the  mixture. 

The  behavior  of  compacted  bituminous 
mixtures  when  subjected  to  vertical  load 
without  lateral  support  may  differ  widely, 
depending  upon  how  closely  they  resemble 
rigid,  elastic  materials  at  the  one  extreme  or 
plastic,  easily  deformable  materials  at  the 
other.  When  tested  at  low  temperatures,  and 
where  deflections  or  deformations  of  small 
magnitude  are  involved,  bituminous  mixtures 
may  assume  quasi-elastic  properties;  at  high 
temperatures  the  same  mixtures  may  exhibit 
extremely  plastic  properties. 

Speed  of  testing  (rate  of  loading  or  rate  of 
vertical  displacement)  and  ratio  of  height  to 
diameter  of  the  test  specimen  are  other 
procedural  factors  that  influence  greatly  the 
load-deformation  relation  with  respect  to  any 
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mixti  H  lien  these  various  factoi 

11C](1  coi      ml   in  a  given  series  of  tests,  how- 

ces     in    the    load-deformation 

relal  n  different  mixtures  may  be 

in  compare  the  flow  properties  of  the 

mixl  u 

For  example,  the  leading  slope  of  the  load- 
deformation  curve  shown  in  figure  1  is  assumed 
to  refieel  the  flow  characteristics  of  (he  corn- 
ed specimen  of  bituminous  mixture  when 
ed  in  compression  without  lateral  restraint. 
The  curve  shown  in  this  figure  is  a  typical  one 
for  mixtures  tested  at  77°  F.,  and  the  basic 
elements  as  they  were  used  in  analyzing  the 
curves  for  this  report  are  as  indicated  in  the 
figure.  Some  mixtures,  however,  are  so 
plast  ic  that  no  straight-line  segment  is  obtain- 
able. This  latter  type  of  curve  is  very  often 
obtained  in  testing  mixtures  at  temperatures 
of  120°  or  140°  F.  In  any  case,  a  load 
component  equal  to  one-third  the  maximum 
load  is  laid  off  on  the  middle  section  of  the 
curve.  The  projection  of  this  segment  on  the 
horizontal  axis  is  carefully  measured,  and  this 
quantity  is  taken  as  the  deformation  com- 
ponent. Unit  vertical  load  (pounds  per 
square  inch  of  end-area  of  the  test  specimen) 
divided  by  the  unit  vertical  deformation 
(inches  per  inch  of  specimen  height)  is  termed 
the  modulus  of  plastic  deformation. 

The  computation,  using  the  load-deforma- 
tion curve  in  figure  1,  obtained  with  a  specimen 
3  inches  in  diameter  and  3  inches  high,  is  as 
follows: 


Unit  load= 


load  (lb.) 


cross-sectional  area  of  speci- 
men (sq.  in.) 
577 


7.069 


Unit  deformation; 


=  81.62  lb.  per.  sq.  in. 


deformation  (in.) 

height  of  specimen  (in.; 

0.026     nnnoon. 
=  ——  =  0.00867 m.  perm. 


Deformation  modulus= 


unit  load 


unit  deformation 
81.62 
0.00S67= 
per  sq.  in. 


9,420    lb. 


A  steep  slope  of  the  curve  (high  numerical 
deformation  modulus  value)  indicates  a  mix- 
ture having  still',  hard,  or  even  brittle  proper- 
lies;  a  shallow  slope  (low  numerical  modulus 
value)  indicates  a  very  plastic,  easily  deformed 
mixture.  In  the  study  of  temperature  sus- 
ceptibility, temperatures  of  77°  and  140°  F. 
were  used  in  (he  unconfined  compression  tests. 

In  the  laboratory  si  udy  of  blends  of  asphalts 
and  rubbers4  relative  temperature  suscepti- 
bility of  the  blends  was  based  on  a  com- 
parison of  the  slopes  of  lines  connecting  points 
plotted  on  semi-log  graph  paper  to  show 
penetration  of  (he  blends  versus  test  tempera- 
tures. The  numerical  values  for  the  slop,- 
uch  lines  may  be  calculated  from  the 
following  equation: 


Slope 


■"..-log  Pi 


i,  p.  92. 

94 


e  I\  and  P>  are  the  penetrations  of  the 
blends  at  the  two  temperatures  Ti  and  T2. 

is  generally  agreed  that  the  strength  of  a 
compacted  bituminous  mixture  tested  in 
unconfined  compression  at  77°  F.  is  largely  a 
function  of  cohesion.  In  turn,  cohesion  of 
the  mixture  tested  at  that  temperature  is 
largely  a  function  of  the  viscous  properties 
(penetration,  melting  point,  ductility)  of  the 
bituminous  cement.  The  compressive  strength 
of  a  mixture  containing  a  low-penetration 
asphalt  is  greater  than  a  similar  mixture 
containing  a  bigh-penetration  asphalt.  In- 
creasing the  temperature  at  which  the  un- 
confined compression  test  is  made  has  the 
effect  of  reducing  the  viscosity  of  the  asphalt 
with  corresponding  reduction  in  cohesive 
strength,  and  increase  in  plastic  flow. 

Therefore,  since  the  temperature  suscepti- 
bility of  bituminous  binders  or  blends  of  such 
binders  and  rubbers  can  be  measured  by  the 
log  penetration-temperature  relation  for  such 
materials,  it  is  logical  to  assume  that  tempera- 
ture susceptibility  of  paving  mixtures  con- 
taining such  binders,  or  blends  of  binders  and 
rubbers,  may  be  measured  similarly  by 
evaluating  the  rate  of  change  in  compressive 
strength  and  plastic  flow  resulting  from  tem- 
perature variation.  Since  both  compressive 
strength  and  plastic  flow  are  functions  of  the 
deformation  modulus  adopted  for  this  study, 
a  temperature-susceptibility  index,  calculated 
as  follows,  was  used  to  compare  susceptibility 
of  the  various  mixtures  to  temperature 
change: 

Temperature-susceptibility  index  = 
log  DM! -log  AM;, 


T, 


!X104 


where  DMX  and  DM2  are  deformation  modulus 
values  obtained  in  compression  tests  at  the 
temperatures  T"i  and  T2,  respectively,  ex- 
pressed in  degrees  F.  The  104  factor  is  used 
simply  as  a  convenience. 
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Figure  1. — Typical  load-deformation  curve 
and  elements  used  in  calculating  defor- 
mation modulus. 


In  such  comparisons,  a  relatively  low  index 
is  construed  as  indicating  a  low  temperature 
susceptibility — that  is,  a  high  resistance  to 
temperature  change.  A  high  index  is  con- 
strued as  indicating  a  high  temperature 
susceptibility — that  is,  a  low  resistance  to 
temperature  change. 

Differences  in  Density,  Strength,  and 
Temperature  Susceptibility 

Results  of  the  unconfined  compression  tests 
made  on  specimens  cured  in  an  oven  at  140°  F. 
for  1  day,  in  conformity  with  standard  com- 
pression-test procedure,  are  given  in  the 
left  half  of  table  2.  Each  of  the  values  shown 
is  the  average  for  three  test  specimens.  In 
the  first  group  of  results  shown  in  this  table 
are  a  control  mixture,  and  mixtures  in  the 
preparation  of  w-hich  reclaimed,  synthetic, 
and  natural  rubber  powders  were  added  to  the 
hot  aggregate  in  the  mixer  before  adding  the 
asphalt.  In  molding  test  cylinders  in  this 
group  of  mixtures,  the  standard  molding  pres- 
sure of  3,000  pounds  per  square  inch  was  used. 
This  resulted  in  a  wide  range  of  densities  for 
the  several  mixtures,  with  corresponding  varia- 
tions in  values  for  compressive  strength  and 
plastic  deformation.  All  the  mixtures  con- 
taining rubber  powder  were  less  compactible 
than  the  control  mixture,  and  in  general  this 
observation  based  on  tests  of  laboratory-pre- 
pared mixtures  is  consonant  with  the  data 
available  from  tests  previously  made  on  a 
limited  number  of  samples  cut  from  newly 
laid  experimental  road  installations.  Table  3 
showfs  data  obtained  on  samples  from  three  of 
these  test  roads.  Of  course,  in  studying  these 
data,  comparisons  of  bulk  specific  gravity  are 
valid  only  as  between  mixtures  of  similar  type. 

In  the  first  group  of  mixtures  (the  mixes 
with  A  in  their  designations)  in  table  2,  in 
which  powdered  rubber  was  added  to  the  ag- 
gregate and  asphalt  in  the  mixer,  and  in  which 
the  standard  molding  pressure  was  used,  mix 
1A  (the  control)  was  the  most  stable  as 
judged  by  the  compressive  strength  values  at 
either  test  temperature,  with  the  rubber 
mixes  3 A  (synthetic),  2 A  (reclaimed),  and  4A 
(natural)  following  in  descending  order.  The 
deformation  modulus  values  at  either  test 
temperature  showed  the  same  rating  for  the 
mixtures  in  this  group.  Temperature-suscep- 
tibility ratings  also  had  the  mixtures  in  the 
same  order,  with  the  less  stable  mixtures  being- 
most  susceptible. 

These  temperature-susceptibility  evalua- 
tions of  the  mixtures  were  in  disagreement  with 
what  might  have  been  expected  on  the  basis 
of  results  of  tests  made  by  a  number  of 
laboratories,  including  that  of  the  Bureau  of 
Public  Roads,  on  blends  of  asphalt  and  rubber 
alone.  Based  on  comparisons  of  the  slopes  of 
the  log  penetration-temperature  curves  men- 
tioned in  the  previous  discussion,  it  has  been 
shown  that  the  temperature  susceptibility  of 
blends  of  some  rubbers  and  some  asphalts  is 
lower  than  that  of  the  respective  base  asphalts.5 

With  a  view  to  ascertaining  to  what  extent 
this  apparent  discrepancy  was  attributable  to 


Table  -:■- 


5  See  report  cited  in  footnote  1. 
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Table  2.— Results  of  unconfined  compression  tests  of  bituminous  concrete  mixtures  after  exposure  in  110°  F.  oven  for  1  day  and  21  days 


Mix 

Xo. 


1A. 
2A 
3A 
4A 

IB 

2B 
3B 

2C 
3C 
4C 
5C 


Type  of  rubber 


None 

Reclaimed . 
Synthetic. 
Natural 


None.. 

Reclaimed. 
Synthetic 


Reclaimed. 
Synthetic. 

Natural 

Plasticized. 


Form  of  rubber 


Powder. 

do... 

do... 


Powder. 
do... 


Preblend. 

do.... 

do.... 

do—. 


Molding 
pressure 


Lb.lsq.in. 

3,000 
3,  000 
3,000 
3,000 

200 

1,000 
400 

3,000 
3,000 
3,000 
3,000 


Tests  after  1  day 


after  21  days 


Density 


Gn./cc. 
2.  240 
2.120 
2.204 
2.058 

2.053 

2.001 
2.061 

2. 104 
2.217 
2.228 
2.  237 


Tests  at  77°  F. 


Com]  iics- 
strength 


Lb. 


sq.ln. 

245 

149 

199 

134 


129 
126 

175 

.'(11 
257 
320 


Defor- 
mation 
modulus 


s.  830 
3,500 
5,  925 
2,500 

4,  725 
4,260 
7,010 

4,900 
7,  590 
13,640 
11,450 


Tests  at.  140°  F. 


Compres- 
sive, 
strength 


Lb.lsq.in. 
09 
21 
44 
14 

6 
12 
13 

23 
61 
102 
92 


Defor- 
mation 
modulus 


4,190 

655 

1,885 

315 

380 
560 
690 

825 
3,820 
7, 165 
6,  270 


Tempei  - 
ature 

suscepti- 
bility 
index 


51 
115 

79 
136 

174 
140 
160 

123 
47 
44 
42 


Density 


Gin. 're. 
2.240 
2.  121 

2.  21  IS 
2.057 

2  059 

2.001 
2.  001 

2. 106 
2.217 
2.  232 

2.237 


It   77°  F. 


Compres- 
strength 


315 

178 
275 
164 

131 
156 

173 

229 
317 
308 
400 


I  >efor- 
mation 
modulus 


10, 150 
3,830 
7, 310 
2,  620 

7,590 

4,420 
8,  770 

5,  250 
10, 130 

17,810 
17,520 


Tests  :ii  140°  F. 


sive 
strength 


Lb.lsq.in. 
87 
37 
73 
23 

14 
24 
29 

50 
90 
124 
125 


Defor- 

iii  ition 
modulus 


4,650 
995 

2,710 

485 

890 
815 

1,320 

1,600 
4,900 
6,  540 

8,  220 


Temper- 
suscepti- 
bility 
index 


54 
93 

08 

116 

118 

116 
130 

82 
50 
69 
52 


the  fact  that  the  compacted  mixtures  varied 
widely  with  respect  to  density,  tests  were 
made  on  a  second  group  of  specimens  (group 
B)  in  the  preparation  of  which  the  molding 
pressure  was  varied  so  that  the  resulting 
densities  would  be  approximately  equal. 
Since  mix  4A  (natural  rubber)  in  the  first  test 
group  had  the  lowest  density,  molding  pres- 
sures of  200,  1,000,  and  400  pounds  per  square 
inch  were  used  in  preparing  mixes  IB,  2B, 
and  3B,  respectively,  to  bring  the  densities  in 
these  mixtures  to  approximately  the  same 
density  as  that  of  mix  4A. 

With  the  density  of  the  compacted  mixtures 
removed  as  a  variable,  the  compressive 
strength  of  mix  4A  at  either  test  temperature 
was  highest.  At  77°  F.  the  compressive 
strengths  for  mixes  2B,  3B,  and  IB  in  the 
equal-density  group  followed  4A  in  descending 
order.  At  140°  F.  the  compressive-strength 
rating  position  of  mixes  3B  and  2B  were 
reversed,  but  mix  IB  (control)  again  had  the 
lowest  rating. 

Although  the  results  of  tests  at  77°  F. 
showed  that  mix  4A  had  slightly  higher 
compressive  strength  than  mix  IB,  2B,  or 
3B,  they  also  showed  that  this  mixture  was  the 
most  plastic  at  that  temperature,   based  on 


comparison  of  deformation  modulus  values. 
At  this  test  temperature  mix  3B  was  the  least 
plastic,  although  it  did  not  have  the  highest 
compressive  strength.  At  140°  F.,  although 
the  compressive  strengths  of  mixes  4A  and  3B 
were  essentially  the  same,  the  deformation 
modulus  value  of  mix  3B  indicates  that  this 
mixture  was  twice  as  stiff  (or  half  as  plastic) 
as  mix  4A.  In  this  test  group,  all  of  the 
mixtures  containing  rubber  powders  were 
somewhat  more  resistant  to  temperature 
change  than  the  control  mixture  for  the  group 
(IB).  In  comparisons  limited  to  this  group, 
it  is  thus  possible  to  discern  a  degree  of  relation 
between  the  effect  of  adding  rubber  to  asphalt 
as  measured  by  laboratory  tests  of  the  blends 
of  asphalt  and  rubber,  and  the  effect  as 
measured  by  laboratory  tests  of  corresponding 
mixtures  consisting  of  aggregate  and  the  same 
asphalt  and  rubber  when  the  rubber  is  added 
in  the  form  of  powder.  The  higher  compres- 
sive strengths  and  lower  temperature-suscepti- 
bility index  values  obtained  for  mixtures  2B 
(reclaimed),  3B  (synthetic),  and  4 A  (natural), 
as  compared  to  the  control  mix  (IB),  reflect  to 
a  perceptible  degree  the  reduction  in  penetra- 
tion, increase  in  softening  point,  and  reduction 
in    temperature    susceptibility    noted    in    the 


Table  3. — Density  of 

samples  cut  from 

roadway  test  sections 

Type  of  pavement  and  rubber 

Form  of  rubber 

Density  at  time  of  con- 
struction 

Density  at  subse- 
quent testing 

Year  con- 
structed 

Bulk 
specific 
gravity 

Year 
tested 

Bulk 
specific 
gravity 

Bituminous  concrete  (Tex.1 : 
None 

1949 

2.19 
2.04 
2.15 

1.81 
1.71 

(') 
(') 

2.20 
2.00 
2.12 
2.04 
2.10 

2.11 
2.06 
2.02 
2. 03 
2.07 

1951 
1951 
1951 
1951 

1952 
1952 
1952 
1952 
1952 

1952 
1952 
1952 
1952 
1953 

2.17 
2.12 
1.99 
1.99 

2.23 
2.19 
2.20 
2.20 
2.24 

2.15 
2.13 
2.06 
2.10 
2.17 

Natural  rubber 

Powder .... 

1949 

do   . 

1949 

Sand  asphalt  (Va.): 
None 

May  1949 
May  1949 
Sept.  1949 
Sept.  1949 

1951 

Natural  rubber 

Powder 

Reclaimed  rubber.. 

Powder 

Sand  asphalt  (D.  C): 
None. 

1951 

.  ..do 

1951 

.do 

1951 

Preblend ...     

1951 

Sheet  asphalt  (D.  C): 

1951   

Powder  .      

1951... _ 

do                

1951 

.do        - 

1951--. -- 

Preblend. ..- 

1951 

1  No  data  available  regarding  density  as  constructed. 
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results  of  tests  made  on  the  same  asphalt  and 
the  same  rubbers  in  the  form  of  a  blend. 

Table  4  is  arranged  to  facilitate  the  fore- 
going comparisons. 

In  studying  the  results  of  tests  on  the  equal- 
density  mixtures,  it  should  be  borne  in  mind 
that  their  importance  is  perhaps  only  aca- 
demic, and  lies  chiefly  in  emphasizing  the 
difference  in  effectiveness  between  adding 
the  rubber  to  the  mixture  in  the  form  of 
powder  and  adding  it  as  part  of  the  binder. 
In  order  to  obtain  the  effects  noted  it  was 
necessary,  in  molding  the  specimens  of  mix- 
tures in  which  the  rubber  had  been  added  in 
powder  form,  to  compensate  for  the  variations 
in  compactibility  characterizing  the  several 
mixtures  by  arbitrarily  using  molding  pres- 
sures which,  in  two  cases  at  least,  would  be 
considered  wholly  unrealistic. 

s  From  the  foregoing  discussion  it  is  apparent 
that,  under  conditions  of  standard  laboratory 
compaction,  mixtures  containing  rubber  that 
has  been  added  to  the  aggregate  in  the  form 
of  powder  are  less  compactible,  are  more 
plastic  and  less  stable  at  both  77°  and  140°  F., 
and,  within  the  temperature  range  77°-140°  F., 
are  more  susceptible  to  temperature  changes 
than  comparable  control  mixtures  containing 
no  rubber.  Furthermore,  in  order  to  develop 
favorable  comparisons  as  between  the  mixtures 
containing  such  rubber  powders  and  the 
control  mix,  it  was  necessary  to  eliminate  the 
pronounced  compactibility  differences  by 
using  unequal  and  unrealistic  compactive 
pressures  in  molding  the  specimens  for  test. 

Rubber  More  Effective  When 
Preblended 

The  binders  used  in  mixes  2C,  3C,  and  4C 
consisted  of  blends  of  asphalt  and  reclaimed, 
synthetic,  and  natural  rubber,  respectively, 
prepared  as  has  already  been  described.  The 
binder  in  mixture  5C  consisted  of  a  blend  of 
plasticized  rubber  and  asphalt.  Since  the 
test  specimens  for  the  C  group  of  mixtures 
were  formed  using  3,000  pounds  per  square 
inch  molding  pressure,  test  results  for  this 
group  are  directly  comparable  with  those  for 
the  A  group  of  mixtures. 

The  effect  of  the  method  of  adding  the 
rubber  on  the  test  results  of  the  mixtures  is 
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clearly  apparent,  in  the  lefl   half  of  table  2, 
in  thi    i  densities  obtained  for  the  mixes 

contaii  I  synthetic  and  natural 

rubber    3< '  and  4C)   than  were  obtained  for 
responding  mixes  (3A  and  4A)  in  which 
the  rubbers  were  introduced  in  the  form  of 
powder.     In  of    reclaimed    rubber, 

this  improvement  in  compactibility  was  not 
rved. 
Similarly,    the    compressive   strengths   and 
the    temperature-susceptibility    index    values 
show  the  relative  effect    of  the  two  different, 
methods  of  preparation,  with  higher  stability 
and  higher  resistance  to  temperature  change 
being  obtained  for  preblended  synthetic  and 
natural    rubber    mixtures    as    compared    with 
their  rubber-powder  counterparts.      Although 
the    stability    of    the    preblended    reclaimed 
rubber  mix   (2C)   at  both  test  temperatures 
was  higher  than  that  obtained  with  the  same 
rubber  in  powder  form  (2A),  the  temperature 
susceptibility   was  about   the  same  for   this 
rubber  regardless  of  the  method  of  prepara- 
tion. 

Comparisons   confined   to   the   mixes   com- 
prising the  C  group  and  their  control  mix  (1A) 
serve    to    indicate   the   relative   value   of   the 
four  different  types  of  rubber  with  regard  to 
their  effect  on  the  test  properties  of  the  mix 
after  1  day  of  oven  curing.     In  the  tests  at 
77°  F.  in  the  C  group  of  mixtures,  the  com- 
pressive strength  of  mix  5C  (plasticized)  was 
highest,   with  the  values  for  mixes  3C   (syn- 
thetic),  4C    (natural),    1A    (control),   and  2C 
(reclaimed)    following    in    descending    order. 
Comparative  values  for  deformation  modulus 
indicate  that  at  this  temperature  mix  2C  was 
the  most  plastic  and  4.C  the  least  plastic.     At 
140°  F.,  the  compressive  strength  of  mix  4C 
was  highest,  with  mixes  5C,   1A,  3C,  and  2C 
following  in  descending  order.     At  this  tem- 
perature, as  at  77°  F.,  mix  4C  was  the  least 
plastic   and   2C    the   most   plastic,    based   on 
deformation  modulus  values.     Judged  by  the 
temperature-susceptibility  index  values,  mix 
2C    was    most    susceptible    to    temperature 
change.     Comparisons   of   index   values  indi- 
cate (hat.  mixes  3C,  4C,  and  5C  were  slightly 
more  resistant  to  the  change  in  temperature 
than  mix  1A. 

As  has  been  mentioned  previously  in  dis- 
cussing the  results  of  compression  tests  of  the 
equal-density    (B)    group  of   mixes,   tests   on 


Table    5. — Changes    in    compressive    strength,    deformation    modulus,    and    temperatu 
susceptibility  resulting  from  20  additional  days  exposure  to  air  in  oven  at  140°  F. 


No. 


Type  of  rubber 


Form  of  rubber 


Tests  at  77°  F. 


Com- 
pressive 
strength 


1A 
2A 

3A 
4A 

IB 
2B 
3B 

2C 
3C 
4C 
5C 


None 


Reclaimed 

Powder 

Synthetic 

Natural 

do 

do 

None 

Reclaimed 

Powder 

Synthetic ... 

-do 

Reclaimed _ 

Preblend 

Synthetic 

do 

NaturaL__ 

Plasticized.. 

do 

Defor- 
mation 
modulus 


Tests  at  140°  F. 


Percent 
+29 
+19 
+38 
+22 

+64 
+21 

+37 

+31 
+21 
+43 
+25 


Percent 

+15 

+9 

+23 

+5 

+61 

+4 

+25 

+7 
+33 
+31 
+53 


Com- 
pressive 

.-tM'llL'lll 


Percent 
+26 
+76 
+66 
+64 

+  134 
+100 
+123 

+117 
+48 
+22 
+36 


Defor- 
mation 
modulus 


Percent 
+11 
+52 
+44 
+41 

+134 
+45 
+91 

+93 

+28 

-8 

+31 


Temper 
ature 
suscep- 
tibility 
index  ■ 


Percent 
+6 
-19 
-14 
-15 

-15 
-17 
-19 

-33 

+6 
+57 
+24 


Negative  values  indicate  a  gain  in  resistance  to  temperature  change. 


blends  of  asphalt  and  rubber  have  indicated 
that  in  some  cases  the  addition  of  the  rubber 
resulted    in    lower   penetration    and   reduced 
temperature     susceptibility.     In     the     com- 
parison of  mixes  2C,  3C,  4C,  and  5C  with  the 
corresponding  control  mix  1A,  it  is  possible 
to  discern  some  relation  between  the  changes 
observed  in  the  tests  of  asphalt  and  rubber 
blends,    and   the   slight   changes   observed   in 
tests  of  the  mixtures  of  aggregates  and  corre- 
sponding blends.     That  is,    the   higher   com- 
pressive strengths  of  mixes  3C  (synthetic),  4C 
(natural),  and  5C  (plasticized),  as  compared 
to  the  control  mix  1A,  are  consistent  with  the 
higher     viscosity     resulting     from     blending 
corresponding  rubbers  with  asphalts.     Like- 
wise, the  reduction  in  temperature  suscepti- 
bility  resulting  from    blending   rubbers   and 
asphalt  is  reflected  in  the  lower  temperature- 
susceptibility  index  values  obtained  for  mixes 
3C,  4C,  and  5C  as  compared  to  that  of  the 
control  mix  1A.     Reference  is  again  made  to 
table  4,  in  which  related  materials  are  com- 
pared directly. 

The  data  in  the  left  half  of  table  2  indicate, 
nevertheless,  that  although  the  rate  of  change 
in  plastic  properties  as  measured  by  tempera- 
ture-susceptibility index  values  is  slightly 
lower  for  the  mixtures  containing  preblended 
rubber  and  asphalt  than  for  the  control  mix 
without  rubber,  the  mixes  containing  the  rub- 
ber preblends  are  not  substantially  more 
plastic  at  lower  temperatures  and  at  the  same 
time    substantially     less     plastic     at     higher 


Tab!fitr:[,;hara<U'ris!i<  S  of;asPhalt  AC~2  and  blends  of  5  percent  rubber  powders  with  this 
asphalt  compared  to  characteristics  of  compacted  mixtures  of  aggregate  and these 


same  materials 


Type  of  rubber 


None 

Reclaimed 
Synthetic- 
Natural... 


Characteristics  of  rubber-asphalt  blends  ] 


Rubber 
identifi- 
cation 


R  6 
R-l 


Penetra- 
tion at 
77°  F. 


87 
hi) 
71 
67 


Softening 
point 


0  F. 
122 
126 
127 
147 


Temper- 
ature sus- 
ceptibil- 
ity s 


226 
207 
202 
165 


Equal-density 

mixtures,  with 

powdered  rubber  2 


Mix. 
No. 


IB 
2B 
3B 
4A 


Temper- 
ature sus- 
ceptibil- 
ity index 


174 
140 
160 
136 


Equal-molding- 
pressure  mixtures, 
with  preblended 
rubber  * 


Mix. 
No. 


1A 
2C 
3C 
4C 


Temper- 
ature sus- 
ceptibil- 
ity index 


51 
123 

47 
44 


and  8  oT„/.  "ri°U*  r"""erS  °n  <he  W»  of  petroleum  asphalts,  by  R.  H.  Lewis  and  J.  Y   Welbor 

undcr|!«Ks^ 

3  Sinn**  nf  irw  n^nofmfi.n.f iv\__  ts_      *  4yj  ?y* antI  *^  were  molded  under  a.moih  wr«  ;«  ~M„„.„-„ 


blope  of  log  penetration-temperature  curves  X  10*. 


:  molded  under  3.0001b.  persq.  in.  pressure. 


Tables  7 
mix  4A  molded 


temperatures  than  mixes  without  rubber,  at 
least  in  the  77°-140°  F.  temperature  range 
Deformation  modulus  values  indicate  that 
mixes  2C  (reclaimed)  and  3C  (synthetic)  were 
more  plastic  at  77°  F.  than  mix  1A,  but  at 
the  same  time  they  were  more  plastic  at  140° 
F.  On  the  other  hand,  while  mixes  4C 
(natural)  and  5C  (plasticized)  were  less  plastic 
at  140°  F.  than  the  control  mix,  they  were 
less  plastic  also  at  77°  F.  The  indications 
implicit  in  these  test  results  are  not  in  agree- 
ment with  claims  that  paving  mixtures  con- 
taining rubber  are  more  plastic  at  low  tem- 
peratures and  less  plastic  at  high  temperatures 
than  similar  mixtures  without  rubber. 


fable' 
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Effect  of  Prolonged  Oven  Exposure 

The  right  half  of  table  2  gives  the  results  of 
tests  made  on  molded  specimens  that  were 
held  in  a  140°  F.  oven  for  21  days.  These 
specimens  were  molded  and  placed  in  the  oven 
at  the  same  time  as  those  represented  in  the 
left  half  of  the  table,  the  oven-exposure 
period  for  which  had  been  1  day  in  conformity 
with  the  usual  procedure  for  the  unconfmed 
compression  test.  Since  the  densities  of  cor- 
responding sets  of  specimens  were  in  close 
agreement,  differences  in  other  physical  prop- 
perties  as  between  1-day  and  21 -day  oven 
exposures  may  be  fairly  attributed  to  the 
effect  of  the  extended  heat  treatment.  Table 
5  was  prepared  to  show,  in  percentage  form, 
the  changes  in  numerical  values  for  the  several 
properties  evaluated. 

In  the  control  mixture  specimens  molded 
at  3,000  pounds  per  square  inch  (1A),  ex- 
tended exposure  to  warm  air  resulted  in 
higher  compressive  strengths  and  modulus 
values  at  both  test  temperatures.  However, 
it  is  interesting  to  note  that  the  temperature 
susceptibility  of  this  mixture  was  little  changed 
by  the  extended  heating.  The  specimens 
containing  this  same  mixture,  molded  at  200 
pounds  per  square  inch  (IB)  showed  pro- 
nounced percentage  increases  in  compressive 
strengths  and  modulus  values.  As  shown  in 
table  5,  changes  occurred  in  all  of  the  mixtures 
containing  rubber  powders  regardless  of  the 
pressure  used  in  the  molding  operation. 
Changes  in  compressive  strength  and  modulus 
values  appear  to  be  more  marked  in  the  results 
of  tests  made  at  140°  F.  In  studying  the 
values  given  in  table  5,  it  should  be  realized 
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Table  6. — Results  of  immersion-compression  tests  of  bituminous  concrete  mixtures  after  exposure  in  140°  F.  oven  for  1  day  and  21  days 


Mix 
No. 

Type  of  rubber 

Form  of 
rubber 

Molding 
pressure 

Tests  after  1  day 

Tests  after  21  days 

Characteristics  of  speci- 
mens as  molded 

After  immersion  at  120°  F. 

Characteristics  of  speci- 
mens as  molded 

After  immers 

on  at  120 

5  F. 

Density 

Air 
voids 

Com- 
pressive 
strength 
at  77°  F. 

Absorp- 
tion 

Swell 

Com- 
pressive 
strength 
at  77°  F. 

Retained 
strength 

Density 

Air 

voids 

Com- 
pressive 
strength 
at  77°  F. 

Absorp- 
tion 

Swell 

Com- 
pressive 
strength 
at  77°  F. 

Retained 
strength 

1A 
2A 
3A 

4  A 

IB 
2B 
3B 

2C 
3C 
4C 
5C 

Lb./sq. 

in. 
3,000 
3,000 
3,000 
3,000 

200 

1,000 

400 

3,000 
3,000 
3.000 
3,000 

Gm.lcc. 
2.249 
2.125 
2.206 
2.061 

2.043 
2.048 
2.058 

2.122 
2.219 
2.236 
2.235 

Percent 
10.6 
15.3 
12.0 
17.8 

18.8 
18.4 
17.9 

15.4 
11.5 
10.7 
10.9 

Lb./sq. 
in. 
238 
162 
206 
133 

72 
115 
127 

194 
258 
254 
303 

Percent 
2.4 
4.4 
2.9 
4.9 

6.4 
5.2 
5.3 

4.3 

2.7 
2.5 

2.7 

Percent 
0.8 

.7 
.8 
0 

0) 
0) 

(') 

1.0 
1.3 

1.0 

1.1 

Lb./sq. 
n. 
177 
107 
162 
101 

69 
94 
96 

128 
177 
184 
207 

Percent 
74 
66 
79 
76 

96 
82 
76 

66 

69 
72 
68 

Gm.lcc. 
2.248 
2.121 
2.207 
2.055 

2.051 
2.060 
2.064 

2.114 
2.220 
2.237 
2.238 

Percent 
10.7 
15.4 
11.7 

18.0 

18.5 
17.9 
17.0 

15.7 
11.4 
10.7 
10.8 

Lb./sg. 
in. 
309 
210 
289 
173 

140 
166 
157 

215 
324 
330 
391 

Percent 
2.0 
3.5 

2.8 
4.0 

5.9 
5.4 
5.4 

4.4 
2.6 
2.8 
2.4 

Percent 
0.3 

f'l 

.6 
(') 

1.4 
(') 
(') 

.4 
.9 
.9 
1.0 

Lb./sq. 
in. 
269 
179 
233 
134 

108 
121 
130 

187 
251 
266 
280 

Percent 
87 
85 
81 

77 

77 
73 
83 

ST 

81 
72 

Reclaimed 

Synthetic... 

Powder 

do 

do 

Reclaimed 

Synthetic 

Powder 

do 

Reclaimed 

.Synthetic 

Natural 

Plasticized. 

Preblend 

do 

do 

do 

i  No  swell. 

Table  7. — Results  of  static  immersion  strip- 
ping tests 


Estimated     area 

remaining  coated 

after  24-hour 

immersion  at 

Mix 

Type  of 

Form  of 

temperature 

No. 

rubber 

rubber 

indicated 

100° 

120° 

140° 

F. 

F. 

F. 

Per- 

Per- 

Per- 

cent 

cent 

cent 

1 
2 

90 
90 

85 
80 

75 
70 

Reclaimed 

Powder 

3 

do 

90 

75 

50 

4 

Natural 

do 

80 

75 

60 

5 

Reclaimed... 

Preblend... 

95 

65 

40 

6 

Synthetic 

do. 

85 

70 

30 

7 
8 

do 

100 
95 

85 
60 

80 

45 

Plasticized 

do 

that  increases  in  resistance  to  temperature 
change  would  be  indicated  by  negative  per- 
centage values  in  the  temperature-suscepti- 
bility index  column,  and  lowered  resistance  to 
temperature  change  by  positive  values,  since 
in  table  2  high  index  values  indicate  high 
susceptibility  to  temperature  change  and  low 
index  values  indicate  low  susceptibility. 

All  of  the  mixtures  containing  rubber 
added  in  powder  form  gained  in  resistance  to 
temperature  change  during  the  21-day  ex- 
posure period.  This  could  be  construed  as 
indicating  that  the  full  effect  of  rubber  added 
in  this  manner  may  not  be  obtained  imme- 
diately after  construction  of  the  pavement, 
and  that  some  improvement  in  resistance  to 
temperature  change  could  be  expected  with 
the  passage  of  time.  Nevertheless,  it  should 
be  noted  that,  according  to  the  test  results  in 
table  2,  the  control  mixture  molded  at  3,000 
pounds  per  square  inch  was  superior  in 
resistance  to  temperature  change  to  any  of  the 
mixtures  containing  rubber  powder  even  at 
the  end  of  the  exposure  period. 

The  effect  of  extended  heating  on  the  group 
of  mixtures  containing  preblended  rubber  was 
quite  variable.  Marked  increase  in  compres- 
sive strength  at  both  test  temperatures  was 
noted  for  all  four  preblended  mixes,  but  at 
140°  F.  the  change  in  values  of  the  deforma- 
tion modulus  ranged  from  a  93-percent  in- 
crease for  the  reclaimed  rubber  (2C)   to  an 
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8-percent  reduction  for  the  natural  rubber 
mix  (4C).  The  changes  in  temperature  sus- 
ceptibility varied  from  marked  improvement  in 
resistance  to  temperature  change  for  the  mix- 
ture containing  reclaimed  rubber  (2C)  to 
regression  for  the  mixtures  containing  pre- 
blended natural,  synthetic,  and  plasticized 
rubber. 

Resistance  of  the  Mixtures  to  Water 
Action 

The  results  of  immersion-compression  tests 
made  on  the  mixtures  after  1-day  exposure  in 
the  140°  F.  oven  are  given  in  the  left  half  of 
table  6.  The  retained  strength  values  for  the 
mixes  containing  synthetic  and  natural  rubber 
in  powder  form  (3A  and  4A)  were  slightly 
higher  than  those  for  the  corresponding  con- 
trol mix  (1A).  Retained  strength  values  for 
all  of  the  preblended  rubber  mixes  (2C,  3C; 
4C,  and  5C)  were  lower  than  for  the  control 
mix.  In  the  equal-density  group,  all  of  the 
mixes  containing  rubber  (2B,  3B,  and  4A) 
showed  consistently  lower  retained  strength 
values  than  the  control  mix  (IB). 

Results  of  immersion-compression  tests 
made  on  companion  specimens  kept  in  an 
oven  at  140°  F.  for  21  days  after  molding  are 
given  in  the  right  half  of  table  6.  Judging 
from  the  retained  strength  values,  extended 
oven  exposure  increased  the  resistance  to 
water  action  of  all  the  mixes  except  the  con- 
trol mix  molded  at  200  pounds  per  square 
inch  (IB)  and  the  reclaimed  rubber  mix 
molded  to  equal  density  (2B).  The  mix  con- 
taining synthetic  rubber  powder  in  the  equal 
density  group  (3B)  showed  a  higher  retained 
strength  value  than  the  corresponding  control 

Table  8. — Results  of  mod 


mix  (IB) .  All  the  other  mixes  containing  rub- 
ber showed  retained  strength  values  equal  to 
or  lower  than  the  corresponding  control  mixes. 

Static  Immersion  Stripping  Tests 

In  table  7  are  given  the  results  of  the  static 
immersion  stripping  tests  on  mixtures  of 
quartzite  and  asphalt,  both  with  and  without 
rubber.  These  results  can  be  compared,  qual- 
itatively at  least,  with  those  for  the  immersion- 
compression  tests  on  mixtures  that  had  been 
kept  in  the  140°  F.  oven  for  1  day,  shown  in 
table  6.  No  stripping  tests  were  made  on 
mixtures  held  in  the  oven  for  21  days. 

The  results  of  the  stripping  tests  at  the 
100°  F.  immersion  temperature  showed 
marked  improvement  over  the  control  mix 
(No.  1)  for  the  preblended  natural  rubber 
(No.  7)  only.  When  added  as  a  powder,  the 
results  at  100°  F.  indicate  that  natural  rubber 
was  the  least  effective.  In  the  tests  at  120°  F., 
only  the  preblended  natural  rubber  (No.  7) 
appeared  to  be  the  equal  of  the  control  mix 
(No.  I).  At  that  temperature  the  plasticized 
rubber  preblend  (No.  8)  appeared  to  be  least 
resistant  to  stripping.  In  the  tests  at  140° 
F.,  the  natural  rubber  preblend  (No.  7)  was 
the  most  resistant  to  stripping  and  the  syn- 
thetic rubber  preblend  (No.  6)  che  least 
resistant.  At  that  temperature  the  natural 
rubber  preblend  mix  (No. 7)  was  the  only  other 
mixture  as  resistant  to  water  action  as  the 
control  mix  (No.  1). 

In  general,  the  results  of  the  static  immer- 
sion stripping  tests  confirm  the  indications 
based  on  the  results  of  the  immersion-compres- 
sion test:  namely,  that  the  addition  of  rubber 
to  bituminous  mixtures  containing  hydrophilic 


Mix 

No. 


Type  of  rubber 


None 

Natural 

do 

Synthetic- 
Reclaimed. 
Plasticized. 


Form  of  rubber 


Powder.. 
Blended. 
....do— 

do... 

....do— 


dined  California  abrasion  test 

Average  loss  '  after  exposure  at  325°  F.  for— 

0 

]/*  hr. 

1  hr. 

2hrs. 

4hrs. 

8hrs. 

0.23 

0.03 

0.02 

0.03 

0. 16 

0.57 

64 

.40 

.11 

.19 

.25 

.44 

0 

0 

0 

.01 

.09 

.30 

81 

.14 

.20 

.24 

.29 

.53 

.93 

.30 

.23 

.35 

.49 

.83 

.21 

.09 

.22 

.29 

.64 

1.42 

•  In  grams  per  1,000  grams  of  shot. 
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aggregate  was  ineffectual  in  improving  the 
resistance  of  such  mixtures  to  the  action  of 
water. 

Effectiveness  of  Rubber  in  Abrasion 
Test 

In  table  8  are  given  the  results  of  the 
modified  California  abrasion  tests  on  mixtures 
consisting  of  Ottawa  sand  and  asphalt,  with 
and  without  rubber.  In  the  test  made  on 
mix  1,  the  loss  occurring  in  the  specimen 
that  had  not  been  exposed  to  the  325°  F. 
temperature  at  all  would  be  considered  fairly 
high,  although  a  certain  amount  of  loss  on 
similarly  uncured  or  unexposed  fresh  mixtures 
is  usual  in  this  test. 

A  sharply  reduced  loss  was  noted  for  mix  1 
in   the  specimen  that  had   been  exposed  for 


)i  hour  at  325°  F.,  and  this  improvement  in 
resistance  to  abrasion  conforms  to  the  general 
pattern  for  similar  mixtures  containing  as- 
phalts having  histories  of  good  service 
behavior.  This  same  pattern  of  relatively 
high  loss  for  specimens  consisting  of  fresh 
mixture  and  reduced  loss  after  ' 4-hour  exposure 
was  followed  also  by  mixes  2,  4,  5,  and  6,  but 
the  reductions  were  of  different  order.  The 
deviation  from  this  pattern  shown  by  mix  3 
was  notable;  there  was  no  loss  either  in  the 
fresh  specimen  or  in  the  specimen  exposed  in 
the  oven  for  %  hour.  Indeed,  the  first  meas- 
urable loss  for  this  mixture  was  noted  only 
after  2  hours  at  325°  F. 

After  4  hours  exposure,  the  abrasion  loss  on 
mix  1  increased  sharply,  and  after  8  hours  the 
loss  amounted  to  0.57  grains  per  1,000  grams 
of  shot.     After  4  hours  exposure  mix  3  was 


most  resistant  to  abrasion  and  mix  6  least 
resistant.  After  8  hours  exposure  mix  3  was 
still  the  most  resistant  to  abrasion,  with  mixes 
2,  4,  5,  and  6  following  in  descending  order  of 
resistance. 

The  results  of  this  very  limited  number  of 
tests  indicate  that  the  natural  rubber,  when 
added  to  the  mixture  as  a  blend  of  rubber  and 
asphalt,  increased  the  resistance  of  the  mixture 
to  abrasion.  The  marked  difference  in  results 
between  mix  2  and  mix  3  offers  additional 
evidence  supporting  the  belief  that  to  obtain 
maximum  effectiveness  from  the  rubber  mate- 
rials they  should  be  preblended  with  the 
asphalt  before  mixing  with  the  aggregate 
The  abrasion  test  results  also  indicate  that 
the  effectiveness  of  additive  rubber  in  improv- 
ing resistance  of  asphaltic  mixtures  to  abrasionj 
varies  with  the  type  of  rubber. 
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Up-to-date  information  about  the  characteristics  of  motor-vehicle  ownership 
and  use  supplies  some  of  the  needs  of  highway  administrators  in  the  hroad 
planning  of  highway  programs.  This  report  analyzes  many  of  the  findings 
that  Imve  recently  become  available  from  the  first  of  the  motor-vehicle-use 
studies  conducted  by  the  State  highway  departments  since  the  close  of  World 
War  II. 

The  primary  purpose  of  the  report  is  to  indicate  to  those  who  may  have  use 
for  such  information  the  types  of  data  that  are  available  from  the  motor-vehicle- 
use  studies  and  some  of  the  principal  relations  that  these  data  may  best  be  used 
to  demonstrate — such  information  as  the  distribution  of  vehicle  ownership 
geographically  and  by  occupational  groupings,  the  characteristics  of  vehicle 
use,  including  annual  travel,  road  systems  used,  places  of  travel,  trip  length, 
and  travel  purpose,  the  age  distribution  of  vehicles,  the  transportation  media 
used  by  workers  traveling  to  work,  and  the  age  and  sex  of  motor-vehicle  operators. 

A  secondary  purpose  of  the  report  is  to  provide  factual  information  based  on 
the  findings  of  the  studies  conducted  in  the  six  States  covered,  but  it  must  be 
remembered  that  these  States— located  in  the  north  central  and  south  central 
parts  of  the  country— are  not  sufficiently  well  distributed  to  provide  even  an 
approximation  of  Nationwide  coverage. 


THIS  REPORT  presents  the  results  of 
motor-vehicle-use  studies  conducted  dur- 
ing the  summer  of  1951  in  six  States — Arkan- 
sas, Louisiana,  North  Dakota,  Oklahoma, 
South  Dakota,  and  Wisconsin.  These  studies, 
and  others  of  a  similar  nature  that  have  since 
been  undertaken,  provide  information  about 
the  characteristics  of  motor-vehicle  ownership 
and  use  that  is  not  available  from  the  ordinary 
types  of  traffic  surveys.  Similar  data  for  a 
number  of  these  characteristics  were  obtained 
in  studies  made  by  most  of  the  State  highway 
departments  between  1930  and  1940,  but  it 
was  generally  believed  that  this  information 
was  no  longer  fully  representative  of  existing 
conditions. 

Since  this  report  is  based  on  data  obtained 
during  a  single  season  in  1951  in  only  six 
States  (and  some  of  the  information  was  not 
available  for  all  six),  the  presentations  made 
must  be  considered  as  being  subject  to  modifi- 
cation as  more  information  of  wider  coverage 
and  more  recent  date  is  received.  Further- 
more, because  of  their  location,  it  should  not 
be  assumed  that  the  findings  of  studies  made 
in  these  few  States  are  representative  of  the 
Nationwide  situation.  However,  it  is  believed 
that  the  findings  reported  herein,  especially 
those  presented  for  individual  population  or 
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occupation  groupings,  can  be  considered  as 
being  generally  indicative,  within  reasonable 
range,  of  conditions  that  now  exist. 

SUMMARY  OF  FINDINGS 

Motor-vehicle  distribution. — Among  the  char- 
acteristics of  motor-vehicle  distribution  re- 
vealed by  these  studies  were  the  following: 

Motor  vehicles  were  owned  or  operated  by 
residents  of  nearly  three-fourths  of  all  occupied 
dwelling  units;  the  range  was  from  80  percent 
in  unincorporated  areas  to  57  percent  in  cities 
of  over  100,000  inhabitants.  Motor  vehicles 
were  owned  by  84  percent  of  all  farm  families. 

Two  or  more  automobiles  were  owned  in  1  of 
every  15  households.  Trucks  only  were 
operated  by  residents  of  1  of  every  14  house- 
holds. 

The  average  age  of  all  automobiles  in  use  in 
1951  was  7.1  years;  in  1941  it  was  5.5  years. 
In  1951,  4  out  of  10  vehicles  in  use  were  prewar 
models  (built  in  1941  or  earlier). 

Motor-vehicle  operators. — Analyses  of  infor- 
mation reported  about  motor-vehicle  operators 
showed  the  following  significant  character- 
istics: 

Fifty-three  percent  of  all  persons  14  years  or 
older  were  licensed  to  drive. 


Two-thirds  of  the  licensed  drivers  were 
males. 

About  one-fourth  of  the  licensed  drivers  of 
both  sexes  were  found  in  the  30-39  age  group, 
more  than  in  any  other  group. 

Travel  to  and  from  work. — These  studies, 
which  covered  all  modes  of  home-to-work 
transportation,  revealed  that  the  automobile 
was  the  principal  means  used  by  gainfully 
employed  persons  for  such  travel.  The  high- 
lights of  the  findings  with  respect  to  home-to- 
work  transportation  are  as  follows: 

Sixty-eight  percent  of  all  workers  used 
transportation  or  walked  between  their  homes 
and  places  of  work;  32  percent  worked  at  their 
place  of  residence  (91  percent  of  the  farmers 
and  farm  managers  lived  on  the  farms  they 
operated) . 

Sixty-one  percent  of  the  workers  who  used 
transportation  or  walked  to  and  from  their 
jobs  used  automobiles  for  all  or  part  of  the  trip. 

Even  in  the  group  that  lived  less  than  1  mile 
away,  nearly  one-half  of  the  workers  traveled 
to  work  by  automobile.  For  those  traveling 
greater  distances,  67  to  85  percent  traveled  to 
work  by  car,  depending  on  the  distance 
traveled. 

One  out  of  six  workers  who  used  transpor- 
tation or  walked  to  work  walked  the  entire 
distance;  85  percent  of  these  lived  closer  than 
1  mile.  Beyond  1  mile  from  place  of  employ- 
ment, walking  ceased  to  have  significant  in- 
fluence as  a  mode  of  travel  to  work. 

Only  in  cities  of  over  100,000  inhabitants 
did  more  than  one-third  of  all  workers  use 
public  transit  as  a  means  of  travel  to  work. 
Even  in  these  large  cities  more  workers  trav- 
eled by  auto  than  by  public  transportation. 

Distribution  of  automobile  travel. — These 
studies  provided  the  distributions  of  auto- 
mobile travel  for  residents  of  the  State  by 
place  of  travel,  according  to  the  place  of  resi- 
dence and  occupation  of  the  principal  oper- 
ator. 

Approximately  one-half  of  the  travel  by 
both  rural  residents  and  residents  of  incor- 
porated places  was  on  the  rural  primary  roads. 

Travel  on  the  local  rural  roads  was  mostly 
by  the  rural  residents. 
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The  percentage  of  travel  on  city  streets  by 
urban  residents  varied  in  direct  relation  to  the 
size  of  the  city  of  residence. 

Trips  confined  entirely  within  one  city  or 
contiguous  cities  comprised  one-half  of  the 
automobile  travel  within  incorporated  places 
by  all  residents  of  Hie  Slate.  In  the  large 
cities    this    proportion    reached    75    percent. 

Only  S  percent  of  all  travel  occurred  outside 
the  Slate  of  residence.  The  range  by  occu- 
pation was  from  under  3  percent  for  farmers 
to  about  1 1  percent  for  professionals,  proprie- 
tors, and  clerks. 

Farmers  and  farm  managers  used  the  local 
rural  roads  more  and  city  streets  less  than  any 
other  occupational  group. 

There  was  relatively  little  difference  in  the 
total  use  of  primary  State  highways  by  occu- 
pational groups.  The  range  was  from  50  per- 
cent for  farmers  to  61  percent  for  the  profes- 
sional group. 

Automobile  trip  lengths. — The  pattern  of 
highway  use  by  passenger  cars  was  found  to 
be  composed  predominantly  of  short-length 
trips. 

Six  of  every  ten  one-way  trips  were  under 
5  miles  in  length.  Four-fifths  of  the  trips 
were  less  than  10  miles  in  length.  The  aver- 
age one-way  length  of  trip  was  8.3  miles. 

One-half  of  the  total  travel  resulted  from 
trips  of  under  30  miles  one-way  length. 

Trip-length  frequency  distributions  were 
similar  for  residents  of  each  population  group 
and  for  the  several  occupational  groups. 
Trip-length  frequency  distributions  were  also 
generally  similar  for  all  purposes  of  travel 
except  vacations  and,  to  a  lesser  extent,  medi- 
cal and  dental. 

Shopping  trips  were  the  shortest  and  vaca- 
tion trips  the  longest,  averaging  3.7  and  250 
miles,  respectively. 

Purpose  of  travel. — Automobile  travel  was 
analyzed  according  to  purpose  for  which  the 
trips  were  made.  Some  of  the  significant 
relations  which  were  found  in  these  analyses 
are  outlined  below. 

Sixty  percent  of  the  travel  and  73  percent 
of  the  trips  by  passenger  cars  were  for  the 
purpose  of  "necessity"  travel  (earning  a 
living  or  family  business).  About  three- 
fourths  of  this  travel  and  two-thirds  of  the 
trips  were  made  in  connection  with  earning  a 
living.  One-half  of  the  travel  and  two-thirds 
of  the  trips  made  in  connection  with  earning 
a  living  resulted  from  travel  to  and  from  work. 

Both  rural  and  urban  residents  performed 
about  45  percent  of  their  total  automobile 
travel  in  connection  with  earning  a  living. 

Family  business  and  educational  and  related 
travel  accounted  for  a  greater  proportion  of 
the  total  travel  by  residents  of  unincorporated 
areas  (25  percent)  than  it  did  for  residents  of 
incorporated  places  (14  percent).  On  the 
other  hand,  a  higher  proportion  of  travel  for 
social  and  recreational  purposes  was  found  for 
the  residents  of  incorporated  places  (43  per- 
cent) than  of  unincorporated  areas  (29  per- 
cent). 

"Necessity"  travel — for  earning  a  living  or 
family  business — averaged  between  55  and  65 
percent  for  gainfully  employed  workers  in  most 
occupational  groups. 
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Comparison  with  earlier  studies. — -It  was  pos- 
sible to  make  certain  comparisons  of  auto- 
mobile travel  between  the  motor-vehicle-use 
studies  and  the  earlier  road-use  studies  in  four 
of  the  States.  In  spite  of  a  major  shift  in  the 
classification  of  rural  mileage  in  Louisiana, 
the  findings  of  the  studies  were  remarkably 
consistent: 

Although  the  total  travel  on  each  class  of 
roads  and  streets  was  considerably  greater  in 
1951  than  in  1936,  the  proportion  of  travel  on 
city  streets  to  total  travel  decreased  from  35 
to  27  percent. 

For  residents  of  incorporated  places,  the 
travel  distribution  showed  a  decline  in  travel 
on  city  streets  from  43  percent  in  1936  to  36 
percent  in  1951.  For  residents  of  unincor- 
porated areas,  the  travel  distribution  by  place 
of  travel  in  1951  was  almost  identical  to  that 
of  the  earlier  studies. 


the  construction  and  maintenance  of  high-, 
ways  and  the  allocation  of  critical  materials, 
such  as  steel  and  rubber,  to  industry  for  the 
manufacture  of  parts,  tires,  and  accessories  to' 
keep  vitally  needed  vehicles  in  service.  Dur- 
ing World  War  II  such  information  was  also 
used  in  determining  the  bases  upon  which 
motor  fuel  and  tires  were  rationed  to  the, 
public. 

Industry,  especially  in  the  automotive  field, 
finds  information  obtained  from  such  studies 
useful  in  planning  and  developing  production 
and  markets.  From  time  to  time  various 
industry  groups  have  made  studies  of  the 
motor  vehicle  and  its  usage  to  meet  particular 
needs.  Since  such  studies  have  been  limited; 
in  their  coverage,  these  groups  have  been1 
especially  anxious  to  have  the  benefit  of  the 
more  inclusive  data  developed  from  the  motor 
vehicle-use  studies. 


DESCRIPTION  AND  STATUS  OF  STUDIES  Description    of    Present    Studies 


Statistical  studies  of  motor  vehicle  ws'e  are 
not  new.  The  present  projects  are  but  the 
latest  in  a  series  of  similar  investigations  that 
have  taken  place  over  a  period  of  more  than 
20  years.  The  studies  have  all  had  a  common 
basic  set  of  purposes:  to  learn  more  about  the 
characteristics  of  motor-vehicle  ownership  and 
use  than  can  be  learned  from  the  ordinary  types 
of  traffic  surveys.  These  purposes  may  be 
stated  in  more  detail  as  follows: 

1.  To  learn  how  the  ownership  of  auto- 
mobiles and  trucks  is  distributed  geographic- 
ally among  rural  residents  and  city  dwellers, 
and  among  various  occupational  groupings. 

2.  To  determine  the  characteristics  of  the 
use  made  of  private  and  commercial  motor 
vehicles  by  the  various  ownership  groups  men- 
tioned above.  These  include  estimates  of  an- 
nual travel  of  automobiles  and  trucks,  road 
systems  used  and  places  of  travel,  and  trip 
length  and  purpose  of  travel. 

3.  To  determine  the  age  distribution  of  the 
automobiles  owned  by  various  segments  of  the 
population,  and  the  age  and  weight  distribu- 
tion of  the  commercial  vehicles  owned  by  the 
major  groups,  such  as  farmers  and  retail  es- 
tablishments. 

4.  To  learn  something  about  the  rates  of 
fuel  consumption  of  motor  vehicles,  classified 
according  to  residence  of  owner,  vehicle  type, 
and  age  groups. 

5.  To  obtain  information  about  the  trans- 
portation media  used  by  gainfully-employed 
workers  in  getting  to  and  from  work. 

Such  information  has  many  uses  both  to 
government  agencies  and  to  business  and  in- 
dustry. Perhaps  its  most  important  uses  are 
in  connection  with  the  development  of  long- 
range  plans  for  the  construction  and  recon- 
struction of  the  several  systems  of  roads  in  a 
given  State,  especially  the  financial  and  eco- 
nomic aspects  of  such  programs.  Data  of 
these  types  are  especially  valuable  in  deter- 
mining equitable  bases  for  the  apportionment 
to  highway  purposes  of  motor-vehicle-user 
tax  receipts.  They  have  also  been  helpful  in 
other  State  and  Federal  legislative  programs. 

In  times  of  national  emergency  such  data 
are  essential  in  the  determination  of  the  allo- 
cations of  critical  materials  and  equipment  for 


The  present  motor-vehicle-use  studies  com- 
bine features  from  several  types  of  earlier 
studies,  notably  the  road-use  and  motor- 
vehicle-allocation  studies  made  during  the 
period  from  1935  to  1940;  the  war-industry 
transportation  studies  made  during  World 
War  II;  and  the  metropolitan  area  origin 
and-destination  studies  that  have  been  in 
progress  since  the  end  of  the  war.  They  are 
sampling  studies  in  which  the  sample  base  is 
the  number  of  dwelling-units,  which  is  be- 
lieved to  be  the  best  available  base  for  such  a 
study.  It  has  the  advantage  of  being  a 
universal  base  for  which  reasonably  current 
statistics  are  available  for  the  Nation,  the 
individual  States,  and  various  population 
groupings  or  individual  places  within  the 
States.  It  also  has  the  advantages  of  being 
more  stable,  less  inflated,  and  more  readily 
measurable  than  are  motor-vehicle  registra- 
tions, which  were  used  as  the  sampling  base 
for  the  road-use  and  motor-vehicle-allocation 
studies.  (Motor-vehicle  registrations  cover 
the  total  registered  in  a  whole  year,  rather 
than  the  number  of  vehicles  in  use  at  a 
particular  time.) 

The  samples,  which  are  scientifically  drawn 
are  relatively  small — often  as  small  as  one-half 
of  1  percent  in  some  population  groups — but 
large  enough  to  provide  reasonable  stability 
in  the  values  sought  on  a  Statewide  popula- 
tion-group basis.  In  some  States,  where 
supplementary  data  on  trucks  are  needed, 
separate  truck  samples  are  drawn.  Inter 
viewers  are  sent  to  call  upon  the  residents  of 
each  dwelling  unit  chosen  in  the  sample. 
The  respondents  are  asked  to  provide  the 
following  information: 

1.  Listing  of  residents  of  the  dwelling  unit, 
indicating  sex,  approximate  age,  and  whether 
or  not  those  of  legal  driving  age  possess 
vehicle  operators'  permits; 

2.  Occupational  information  about  those 
residents  who  are  gainfully  employed,  dis- 
tance to  place  of  work,  and  means  of  getting 
to  work; 

3.  Inventory  of  automobiles  and  trucks 
regularly  driven  by  residents  of  that  dwelling 
unit; 
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Figure  1. — States  participating  in  the  motor -vehicle-use  studies;  August  1954, 


4.  Estimated  total  annual  travel  of  vehicles 
reported  upon,  and  the  fuel  consumed  by 
them ; 

5.  Description  of  motor-vehicle  trips  made 
by  residents  of  the  dwelling  unit,  ending  on 
certain  days,  on  which  a  resident  was  the 
driver  of  the  vehicle.  Information  sought 
includes  the  origins  and  destinations  of  such 
trips,  purposes,  routes  used,  trip  length,  and 
number  of  persons  carried  in  the  vehicle.  In 
the  case  of  truck  trips,  the  general  description 
and  weight  of  commodities  hauled  is  also 
sought. 

The  procedure  recommended  for  the  motor- 
vehicle-use  studies  provides  for  full-year 
coverage  of  ownership  and  travel  data  by 
dividing  the  sample  to  be  obtained  in  each 
population  group  into  four  equal  segments, 
one  to  be  taken  each  season.  By  this  means 
the  effects  of  the  seasons  upon  characteristics 
of  travel  will  be  properly  reflected  for  each 
population  group.  A  further  indication  of 
the  annual  character  of  long-distance  travel  is 
obtained  by  asking  the  respondents  to  provide 
information  about  all  trips  of  more  than  7 
days  duration  made  during  the  last  12  months 
prior  to  the  time  of  interview. 

However,  the  complete  1-year  study  de- 
scribed above  has  not  been  made  in  all  States 
where  the  motor-vehicle-use  study  has  been 
undertaken.  Where  the  sampling  covered 
only  one  or  two  seasons,  special  analysis 
procedures  had  to  be  designed  to  expand  the 
data  obtained  to  an  annual  basis.  Where  all 
four  seasons  were  covered,  the  analysis  of  the 
travel  and  related  data  obtained  involved  a 
straightforward  expansion  by  which  the  level 
of  each  seasonal  segment  of  the  sample  was 


raised  to  the  level  of  the  universe  for  that 
season  by  the  application  of  expansion  factors 
reflecting  the  relation  of  the  sample  to  the 
universe.  The  combination  of  the  seasonal 
data  to  obtain  figures  for  a  year  is  a  relatively 
simple  process. 

Unlike  the  ordinary  traffic  survey,  the 
motor-vehicle-use  study  is  not  intended  to 
obtain  any  information  about  the  use  of  the 
highways  of  the  State  being  studied  by  vehi- 
cles not  registered  or  kept  there.  It  does, 
however,  provide  information  about  total 
vehicle  use — -in  and  outside  of  State  of  resi- 
dence— of  private  and  commercial  vehicles  that 
is  not  obtained  in  the  ordinary  traffic  survey. 
Also,  the  motor-vehicle-use  study  provides 
information  about  the  rural-urban  breakdown 
of  trips  that  is  not  obtained  in  the  traffic 
survey. 

The  studies  were  conducted  by  the  State 
highway  departments  as  highway  planning 
projects,  with  the  technical  cooperation  of 
the  Bureau  of  Public  Roads.  The  highway 
departments  have  used  great  care  in  selecting 
the  enumerators  who  contacted  the  respond- 
ents, and  public  reaction  to  the  study  has  been 
very  good.  In  two  instances,  the  highway 
departments  have  enlisted  the  services  of  the 
United  States  Bureau  of  the  Census  in  organ- 
izing and  conducting  the  field  work;  in  all  other 
instances  the  enumerators  have  been  employ- 
ees of  the  highway  departments. 

Status  of  Motor-Vehicle-Use  Studies 

In  August  1954,  motor-vehicle-use  studies 
had  been  completed  or  were  then  in  progress  in 
20   States  and  in  the  Territory   of  Hawaii. 
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Their  location  and  status  are  shown  graphi- 
cally in  figure  1.  Thirteen  of  these  studies 
were  of  the  full,  extended  type;  i.  e.,  they 
cover  the  four  seasons  of  an  entire  year. 
Three  were  of  the  modified-extended  type  where 
the  size  of  the  sample  taken  was  somewhat 
less  than  would  be  taken  in  a  complete  full- 
year  study,  and  the  sampling  was  confined  to 
one  or  two  seasons.  The  remaining  five 
studies  were  of  the  limited  type  in  which  the 
size  of  the  sample  taken  was  approximately 
equal  to  that  which  would  normally  be  taken 
in  a  single  season,  and  the  interviewing  was 
completed  within  one  season.  The  limited 
study  is  intended  only  to  be  used  in  connec- 
tion with  data  obtained  in  other  States  in 
determining  regional  characteristics  of  vehicle 
ownership  and  travel;  the  samples  taken  are 
usually  not  large  enough  to  provide  stable 
statistics  for  the  one  State  only. 

In  one  State,  South  Dakota,  the  officials 
were  so  well  pleased  with  the  results  of  a 
limited  study  that  they  have  since  made  a 
complete  extended  study. 

Coverage  of  This  Report 

Although  interviewing  is  complete  and 
analysis  complete  or  far  along  in  a  number  of 
States,  data  for  only  a  few  have  so  far  been 
furnished  to  the  Bureau  of  Public  Roads,  and 
some  of  those  reports  are  incomplete.  Ac- 
cordingly, it  has  been  necessary  to  base  this 
report  upon  the  results  obtained  in  only  a  few 
States,  and  the  presentations  made  must  be 
considered  as  being  only  preliminary  and  sub- 
ject to  modification  as  more  information  from 
other  States  is   received.     The  data  shown 
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Table  1. — Dwelling-unit  bases  and  motor- vcbicle-use 

study 

samples  in  six  States 

State  and  type  of  study 

Total 

dwelling 

units 

Original 
estimate 
of  dwell- 
ing units 

in 
sample 

Effective  sample 

Incomplete 
contacts 

Total 
con- 
tacts 
made 

Accept- 
able 
inter- 
views 

Vacant 
dwell- 
ing 

units 

Total 

Non- 
usable 
inter- 
views 

Re- 
fusals 

576, 054 
731,816 
177, 980 
724,  790 
195, 079 
1, 082, 216 

3,468 
5,063 

441 
1,502 

523 
2,599 

3,327 
4,783 

326 
1,363 

604 
2,091 

290 
295 

19 

115 

9 

60 

3,617 
5,078 

345 
1,478 

513 
2,151 

31 

560 
1 

208 

9 

58 

10 

(') 

~20~ 

1 

12 

3,658 
5,638 

346 
1,706 

523 
2,221 

South  Dakota  (limited) 3  -- 

Total         - 

3,  487,  935 

13, 596 

12,  394 

788 

13, 182 

867 

43 

14, 092 

'  Included  with  nonusable  interviews. 
3  North  Dakota  also  conducted  a  full-scale  road-use  study. 

«  South  Dakota  has  since  made  an  extended  motor-vehicle-use  study,  the  results  of  which  were  not  available  at  the  time 
of  this  report. 

Table  2. — Comparisons  of  total  populations  from  Census  estimates  with  estimates  obtained 
from  motor-vehicle-use  study  data  in  six  States 


State 

Total  popula- 
tion, 1950 
Census 

July  1,  1951, 

total 

population 

(Census 

estimate) 

Estimated 
population, 
motor-vehicle- 
use  study 

Difference, 
motor-vehicle- 
use  estimate 
from  Census 
estimate 

1, 335, 053 
2, 683,  516 

619, 636 
2, 233, 351 

652,  740 
3, 434, 575 

10, 958, 871 

1, 325, 000 
2, 747, 000 

602, 000 
2,262,000 

647, 000 
3, 481, 000 

11,064,000 

1, 234, 895 
2, 641, 265 

625, 724 
2, 087, 942 

633, 759 
3, 680, 043 

10, 903, 628 

Percent 
-6.8 
-3.8 
+3.9 
-7.7 
-2.0 
+5.7 

Total        - 

-1.4 

1  Persons  under  14  years  of  age  excluded. 


herein  include  the  modes  of  travel  used  in 
going  to  and  from  work,  the  distribution  of 
licensed  motor-vehicle  operators,  the  charac- 
teristics of  motor-vehicle  distribution,  and  the 
characteristics  of  travel,  such  as  distribution 
and  purposes  of  travel  by  systems  and  classes 
of  places  and  length  of  trips.  The  data  were 
developed  from  reports  received  from  six 
States:  Arkansas,  Louisiana,  North  Dakota, 
Oklahoma,  South  Dakota,  and  Wisconsin.  As 
will  be  indicated  in  the  text,  some  types  of 
information  were  available  for  all  six  States; 
some  for  only  four  or  five  of  the  six. 

Information  relating  to  total  annual  travel 
and  average  annual  mileage  per  vehicle  is 
omitted  from  this  report  since  the  studies 
made  by  the  six  States  were  conducted  in  the 
summer  season  only. 

Table  1  indicates  the  coverage  of  these 
studies  on  a  Statewide  basis,  and  shows  the 
dwelling-unit  universe,  the  original  estimates 
of  the  samples  to  be  obtained,  the  effective 
samples  obtained,  and  the  incomplete  inter- 
views reported.  Because  of  the  differing 
sample  rates  employed  in  the  various  popula- 
tion groups,  it  is  not  possible  to  calculate 
the  effective  Statewide  sampling  rate  from 
these  data. 

The  procedures  recommended  for  the  ex- 
tended studies  are  designed  to  provide  general 
coverage  of  the  "universe"  of  private  and 
commercial  automobiles,  trucks,  and  tractor- 
trucks  domiciled  in  any  State  studied.  The 
hypothesis  upon  which  the  sampling  methods 
is  based  considers  that  through  the  dwelling- 
unit  contacts  a  representative  cross-section  of 
operators  of  all  classes  of  these  vehicles, 
including   drivers   of  fleet-operated   vehicles, 
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such  as  company-owned  automobiles  assigned 
to  salesmen,  and  of  over-the-road  transport 
trucks,  would  be  obtained.  However,  the 
total  number  of  some  of  these  classes  of  ve- 
hicles in  operation  in  most  States  is  relatively 
small,  and  the  sampling  rates  ordinarily  em- 
ployed even  in  the  extended  studies  are  so  low 
that  it  is  not  to  be  expected  that  the  samples 
obtained  will  be  large  and  stable  enough  to 
permit  separate  analyses  to  be  made  for  such 
groups.  It  is  for  that  reason  that  the  supple- 
mentary truck  studies  previously  mentioned 
are  made. 

In  the  case  of  limited  studies,  such  as  those 
reported  upon  here,  the  total  truck  samples 
obtained  in  some  population  groups  were 
extremely  small  and  their  stability  is  open 
to  question.  Consequently,  presentations  of 
travel  and  trip-length  information  for  trucks 
have  been  omitted  from  this  report. 

Reliability  of  Data 

Although  certain  tests  of  the  reliability  of 
the  information  obtained  in  the  motor-vehicle- 
use  studies  can  be  made  by  statistical  esti- 
mates, perhaps  the  most  reliable  indications 
are  found  when  values  computed  from  the 
samples  are  compared  with  totals  for  those 
items  that  are  known  or  can  be  readily  approxi- 
mated from  other  sources.  For  example,  table 
2  shows  comparisons  of  known  and  estimated 
population  totals  for  the  six  States  for  which 
data  are  presented  in  this  report.  It  can  be 
seen  that  the  population  estimates  obtained 
by  expanding  the  samples  very  closely  approxi- 
mated the  estimates  made  by  the  Bureau  of 
the    Census    for    1951.     Other    comparisons 


which  have  indicated  a  satisfactory  level  ol 
reliability  in  the  motor-vehicle-use  study  data 
include  comparisons  of  total  travel  on  rura. 
highways  with  figures  obtained  from  the  regu- 
lar traffic  surveys,  and  comparisons  of  esti- 
mated vehicles  in  service  with  numbers  oi 
vehicles  registered. 

This  report  also  contains  comparisons  oi 
data  obtained  in  these  studies  with  like  infor- 
mation derived  from  the  prewar  road-use 
studies,  the  reliability  of  which  has  been 
reasonably  substantiated.  The  findings  of 
these  studies  display  marked  similarity  to 
those  of  the  earlier  studies. 

Since  all  but  one  of  six  motor-vehicle-use 
studies  reported  on  herein  were  of  the  limited 
type,  and  since  the  six  States  are  not  so  located 
geographically  as  to  provide  even  an  approxi- 
mation of  Nationwide  coverage,  it  was  be- 
lieved that  it  would  be  undesirable  to  place 
too  much  emphasis  in  this  report  upon  the 
specific  values  found  in  these  particular  studies. 
Such  data  might  be  taken  to  have  Nationwide 
implications  which  may  not  be  substantiated, 
to  the  same  degree  at  least,  as  further  data 
become  available.  For  that  reason  the  pres- 
entations that  follow  are  limited  largely  to 
percentage  distributions.  These  yield  a  clear 
indication  of  the  relations  involved,  which 
probably  will  not  be  greatly  modified  by  the 
findings  of  studies  completed  subsequently, 
although  even  this  is  conjectural. 

MOTOR-VEHICLE  OWNERSHIP  ' 

One  of  the  major  purposes  in  making  the 
motor-vehicle-use  studies  is  to  learn  how  the 
ownership  or  situs  of  automobiles  and  trucks 
is  distributed  geographically  and  among  var- 
ious economic  groupings  within  the  population. 
This  report  presents  preliminary  information 
on  these  subjects  that  have  been  obtained  in 
the  studies  made  in  the  six  States  previously 
mentioned. 

In  these  studies,  the  place  of  ownership  is 
considered  to  be  the  place  of  residence  of  the 
regular  driver  of  the  vehicle.  By  far  the 
greater  number  of  vehicles  reported  upon  were 
owned  and  operated  by  the  respondents  from 
their  places  of  residence. 

Distribution   of   Motor    Vehicles 

Figure  2  and  table  3  indicate  for  the  six 
States  combined  the  percentage  classification 
of  occupied  dwelling  units,  in  total  and  by 
population  groups,  according  to  nature  of 
motor-vehicle  distribution.  This  same  infor- 
mation for  individual  States  with  population 
groups  combined  is  shown  in  figure  3. 

It  will  be  noted,  in  figure  2  and  in  many  of 
the  following  figures,  that  data  are  repre- 
sented for  all  places  combined,  then  separately 
for  unincorporated  and  incorporated  places, 
and  finally  for  each  population  group  of  the 
incorporated  places. 

From  table  3,  it  may  be  observed  that  27 
percent  of  all  dwelling  units  (households)  for 
all  population  groups  combined  reported  that 
neither  cars  nor  trucks  were  owned.  In  the 
unincorporated  areas  only  20  percent  of  the 
dwelling  units  were  without  either  automobiles 

December  1954  •  PUBLIC  ROADS 


2 


S 


brtri 


PUB 


E3  NO  AUTOS  OR  TRUCKS 

FFFR  TRUCK  (S)  ONLY 

H  AUTO(S)  a  TRUCK  (S) 

frni  TWO  or  MORE  AUTOS   only 
ONE   AUTO    ONLY 


100 


«2  75 

z 

o 


Ul 

5  50 
o 


o 

i- 
z 

UJ 

O 
K 
UJ 

a.  25 


ALL 
PLACES 


UNINCORPORATED 
AREAS 


INCORPORATED 
PLACES 


UNDER 
5,000 


5,000- 
24,999 


25,000- 
99,999 


100,000 
a  OVER 


Y 

INCORPORATED    PLACES 


Figure  2. — Occupied  duelling  units  in  each  population  group  classified  by  number  of  vehicles  operated 

by  residents;  summer  of  1951,  six  States. 


or  trucks,  while  the  cities  of  100,000  inhabi- 
tants or  more  reported  43  percent.  This  points 
out  the  obvious — the  essentiality  of  motor  ve- 
hicles to  those  living  in  rural  areas  and  the 
effects  of  adequacy  of  public  transportation 
and  the  expense  of  motor-vehicle  ownership 
upon  residents  of  the  largest  cities. 

Among  the  individual  States,  the  range  in 
dwelling  units  with  no  motor  vehicles,  as 
shown  in  figure  3,  was  from  4  percent  in 
North  Dakota  to  45  percent  in  Louisiana. 


Households  reporting  one  automobile  only 
and  no  other  vehicles  comprised  47  percent  of 
the  total  for  the  six  States,  with  a  range  of 
from  36  percent  in  Arkansas  to  57  percent  in 
South  Dakota.  The  ownership  of  one  auto- 
mobile, and  no  other  type  of  motor  vehicle, 
was  lowest  in  the  unincorporated  areas  and 
highest  in  the  medium-sized  cities  of  25,000- 
99,999  population. 

Multiple-car  ownership  (without  the  ac- 
companying ownership  of  trucks)  did  not  bulk 


Table  3.— Classification  of  occupied  dwelling  units  by  population  groups,  according  to 
nature  of  motor-vehicle  distribution;  '  summer  of  1951,  six  States  2 


Classification 


All  popu- 
lation 
groups 


Population  group 


Unincor- 
porated 
areas 


Incorporated  places  with  population  of- 


All  places  L^- 


5,000- 
24,999 


25,000- 
99,999 


100,000 
and  over 


Distribution  by  Population  Grouping 


Dwelling  units  having: 

One  auto  only 

Two  or  more  autos  only . 
Auto(s)  and  truck(s)'... 
Truck(s)  only  3 


All  dwelling  units  having  vehicles... 
Dwelling  units  having  no  autos  or  trucks. 

All  oceupied'dwelling  units 


Pet. 
46.9 


11.9 
7.1 


72.5 

27.5 


100.0 


Pet. 

37.9 

6.2 

21.8 

14.1 


Pet. 
52.7 


5.6 
2.6 


80.0 
20.0 


67.7 
32.3 


100.0 


100.0 


Pet. 
53.8 
5.9 
7.6 
4.9 


72.2 
27.8 


100.0 


Pet. 

53.7 

6.3 

7.5 

2.6 


70.1 
29.9 


100.0 


Pet. 

60.9 

7.0 

5.7 

1.6 


75.2 
24.8 


100.0 


Pet. 

45.5 

7.9 

2.2 

1.3 


56.9 
43.1 


100.0 


Distribution  by  Dwelling-Unit  Classification 


Dwelling  units  having: 

One  auto  only 

Two  or  more  autos  only 

Auto(s)  and  truck(s)3 

Truck(s)  only  3. _ 

All  dwelling  units  having  vehicles. 

Dwelling  units  having  no  autos  or  trucks.. 

All  occupied  dwelling  units.. 

Number  of  occupied  dwelling  units 


100.0 

31.6 

68.4 

19.4 

16.2 

15.2 

100.0 

37.0 

63.0 

15.1 

13.6 

12.6 

100.0 

71.5 

28.5 

10.6 

8.9 

5.6 

100.0 

77.4 

22.6 

11.7 

5.1 

2.6 

100.0 

43.2 

56.8 

16.8 

13.6 

12.2 

100.0 

28.5 

71.5 

17.1 

15.3 

10.6 

100.0 

39.2 

60.8 

16.9 

14.1 

11.7 

3,  355, 023 

/,  SIS,  582 

2,  on,  Ul 

565,  820 

473, 281 

393,  294 

17.6 

21.7 

3.4 

3.2 

14.2 

28.5 

18.1 


609, 046 


•  For  the  most  part,  the  vehicles  are  owned  in  the  places  where  the  respondents  reside.    In  some  instances,  however,  they 
are  garaged  and/or  owned  elsewhere  and  operated  regularly  by  a  person  or  persons  living  at  the  dwelling  unit. 
>  Arkansas,  Louisiana,  North  Dakota,  Oklahoma,  South  Dakota,  and  Wisconsin. 
3  Including  tractor-trucks  but  not  semitrailers  or  trailers. 
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large  in  any  population  group,  all  appearing 
to  cluster  rather  closely  around  the  average 
for  all  groups  of  7  percent  of  the  total  of  all 
dwelling  units.  Here  the  range  was  from  4 
percent  in  Arkansas  to  8  percent  in  Wisconsin. 

Cases  in  which  one  or  more  automobiles 
and  one  or  more  trucks  were  owned  or  kept 
at  the  same  dwelling  unit  were  reported  for 
12  percent  of  all  dwelling  units,  and  ranged 
from  5  percent  in  Louisiana  to  30  percent  in 
North  Dakota,  a  situation  which  may  be 
traceable  to  the  difference  in  the  types  of 
agriculture  practiced  in  the  two  States.  As 
might  be  expected,  the  ownership  of  both 
automobiles  and  trucks  in  a  household  was 
concentrated  in  the  unincorporated  areas, 
where  such  ownership  was  reported  for  22 
percent  of  all  households.  In  contrast,  owner- 
ship of  combinations  of  vehicles  was  reported 
for  only  2  percent  of  the  dwelling  units  in 
cities  of  100,000  inhabitants  or  more. 

Dwelling  units  for  which  the  ownership  of 
trucks  only  was  reported  included  7  percent 
of  the  six-State  total,  and  ranged  from  2  per- 
cent in  Wisconsin  to  16  percent  in  Arkansas. 
Among  the  various  population  groups  the 
range  was  from  14  percent  in  the  unincorpo- 
rated areas  to  1  percent  in  the  incorporated 
places  of  100,000  inhabitants  and  more. 

Some  of  the  differences  in  the  chacteristics 
of  motor-vehicle  ownership  among  the  six 
States  may  be  observed  more  readily  in  figure 
3.  By  far  the  largest  percentage  of  families 
owning  no  vehicles  were  found  in  the  two 
Southern  States  of  Arkansas  and  Louisiana, 
37  and  45  percent,  respectively.  On  the  other 
hand,  the  lowest  percentage  of  families  without 
motor  vehicles  was  found  in  North  Dakota 
where  only  4  percent  were  reported.  Owner- 
ship of  one  or  more  passenger  cars  and  no 
trucks  ranged  from  about  41  percent  each  in 
Arkansas  and  Louisiana  to  65  percent  each 
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Figure  3. — Occupied  dwelling  units  in  each  State  classified  by  number  of  vehicles  operated  by  residents; 

summer  of  1951,  six  States. 


in  South  Dakota  and  Wisconsin.  The  in- 
cidence of  truck  ownership  either  with  or  with- 
out automobiles  was  by  far  the  greatest  in 
North  Dakota,  where  35  percent  of  the  dwell- 
ing units  fell  into  this  class. 

Motor  Vehicles  on  Farms 

It  is  a  common  assumption  that  the  average 
American  farmer  today  is  almost  completely 
dependent  upon  motor  vehicles  to  provide 
transportation  for  himself  and  his  family,  and 
to  carry  his  products  to  market  and  his  sup- 
plies to  the  farm.  It  has  been  generally  as- 
sumed that  in  farming  areas  there  is  usually  at 
least  one  motor  vehicle  owned  at  each  oper- 
ating farm  unit,  and  that  both  automobiles 
and  trucks  will  be  found  at  many.  The 
preliminary  findings  of  the  motor-vehicle-use 
studies  not  only  substantiate  this  assumption, 
but  also  provide  some  very  enlightening 
supplemental  information. 

Incidentally,  if  it  appears  that  this  report 
devotes  considerable  attention  to  the  farmer 
and  his  use  of  motor  vehicles,  it  should  be 


remembered  that  the  six  States  reported  on 
are  predominantly  agricultural. 

An  indication  of  the  reliability  and  stability 
of  the  motor-vehicle-use  study  samples  is 
shown  in  table  4.  This  table  indicates  reason- 
able similarity  in  the  distribution  of  farms 
according  to  acreage  between  the  information 
obtained  in  the  1950  Census  of  Agriculture 
and  that  obtained  in  the  motor-vehicle-use 
studies.  As  might  be  expected,  the  best 
comparison  was  found  in  Louisiana  where 
the  largest  sample  was  taken.  It  will  be  noted 
that  in  four  of  the  six  States  the  percentage 
of  farms  containing  less  than  10  acres  is 
greater  in  the  motor-vehicle-use  study  totals 
than  in  the  Census  totals.  This  undoubtedly 
arises  from  differences  in  the  definitions  of 
farms  used  in  the  two  investigations.  In  some 
States  the  motor-vehicle-use  study  interview- 
ers classified  as  farms  many  small  homesteads 
which  were  not  so  classified  by  the  census 
enumerators.  Other  minor  differences  in 
definition  are  known  to  exist  which  would 
particularly  affect  the  distribution  of  farms 
of  less  than  10  acres  as  compared  with  the 


0' 
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other  groups.  One  of  these  differences, 
resulting  in  a  high  percentage  of  farms  of  less 
than  10  acres,  was  the  classification  in  the 
Wisconsin  study  of  all  dwelling  units  in 
the  unincorporated  areas  as  farms. 

Figure  4  indicates,  for  the  six  States 
combined,  the  percentage  distribution  of 
motor-vehicle  ownership  by  farm-acreage 
groupings.  Over  84  percent  of  all  families 
living  on  farms  owned  automobiles  or  trucks 
or  both.  Among  the  various  acreage  groups 
the  range  was  from  52  percent  on  the  farms 
of  10-29  acres  to  over  95  percent  on  the  four 
farm-acreage  groups  of  180  acres  or  more 
For  farms  of  all  sizes  combined,  the  range 
among  the  samples  obtained  in  the  six  States 
was  from  about  65  percent  in  Arkansas  and 
Louisiana  to  100  percent  in  North  Dakota 

For  all  farms  it  may  be  noted  that  ownership 
of  automobiles  only  was  reported  for  43 
percent,  with  ownership  of  one  or  more 
automobiles  together  with  one  or  more  trucks 
accounting  for  an  additional  26  percent. 
Ownership  of  trucks  only  was  reported  for 
15  percent. 
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Table  4. — Comparisons  of  distributions  of  farms  according  to  acreage  as  determined  from  1950  Census  of  Agriculture  and  as  reported  in 

motor-vehicle-use  studies;  1  summer  of  1951,  six  States 


Size  group 

Percentage  distribution  of  farms  according  to  acreage 

Six  States 

Arkansas 

Louisiana 

North  Dakota 

Oklahoma 

South  Dakota 

Wisconsin 

Census 

Study 

Census 

Study 

Census 

Study 

Census 

Study 

Census 

Study 

Census 

Study 

Census 

Study 

Acres 
Less  than  10 

Pet. 

0.3 
13.4 
10.9 
17.1 
20.9 

8.8 
12.7 

6.6 

3.3 

Pet. 

11.4 

10.3 

8.8 

19.3 

23.3 

8.3 

9.8 

5.8 

3.0 

Pel. 

9.0 

21.7 

17.5 

22.0 

16.7 

5.9 

4.8 

1.7 

.7 

Pet. 

13.4 

24.1 

15.8 

21.9 

14.1 

5.5 

2.8 

1.7 

.7 

Pet. 

12.2 

33.7 

21.0 

16.3 

8.4 

2.9 

2.9 

1.5 

1.1 

Pet. 

15.4 

28.0 

21.2 

19.0 

8.6 

3.2 

3.2 

1.2 

.2 

Pet. 

0.9 

.9 

.7 

1.4 

8.2 

5.0 

35.7 

33.8 

13.4 

Pet. 

m 
m 

4.7 
2.7 
41.6 
36.9 
14.1 

Pet. 

5.5 

7.3 

8.1 

15.8 

25.6 

11.0 

17.3 

6.5 

2.9 

Pet. 

8.8 

4.9 

6.7 

18.2 

34.7 

7.3 

14.3 

3.6 

1.5 

Pet. 
2.1 
1.8 
1.4 
3.3 
15.7 
12.0 
32.9 
17.6 
13.2 

Pet. 

1.8 
(?) 
.5 

2.7 
29.9 

9.5 
22.2 
17.6 
15.8 

Pet. 
3.5 

4.1 

6.6 

25.0 

37.5 

14.5 

7.8 

.9 

.1 

Pet. 

14.8 

4.1 

5.4 

26.8 

30.5 

12.9 

3.9 

1.1 

.5 

10-29 

30-49 

50-99 

100-179 

180-259 

260-499 

500-999 

1,000  and  over 

All  farms 

LOO.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

1  Motor-vehicle-use  studies  exclude  those  few  farms  where  acreage  was  not  reported.       2  None  reported. 
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-Occupied  farm  dwelling  units  in  each  farm-acreage  group  classified  by  number  of  vehicles  operated 
by  residents;  summer  of  1951,  six  States. 


Families  living  on  farms  of  less  than  10 
acres  had  the  highest  percentage  of  one- 
automobile  ownership,  53  percent.  Perhaps 
one  reason  for  the  large  number  of  one-auto- 
mobile owners  in  this  acreage  group  is  that 
many  of  the  people  living  on  these  small 
homesteads  have  other  employment  by  which 
they  obtain  or  supplement  their  income. 
Most  of  these  "farms"  probably  do  not 
produce  sufficiently  to  warrant  ownership 
of  trucks. 

Families  living  on  farms  of  10-29  acres  had 
the  highest  percentage  of  non-ownership  of 
vehicles,  48  percent,  while  those  living  on 
farms  in  the  30-49  acre  group  reported  the 
next  highest  incidence  of  non-ownership  with 
30  percent.  These  figures  are  both  much 
higher  than  the  comparable  16  percent  for 
all  farm  families.  The  farms  of  10-29  acres 
and  30-49  acres  probably  include  many 
subsistence-farming  operations  which  produce 
only  small  quantities  of  products  for  sale. 
The  Census  data  shown  in  table  4  clearly 
indicate  the  concentration  of  these  smaller 
farms  in  Arkansas  and  Louisiana. 

Less  than  7  percent  of  farms  in  all  acreage 
groups  reported  two  or  more  automobiles  only, 
with  a  range  from  2  and  3  percent  in  Louisiana 
and  Arkansas,  respectively,  to  11  percent  in 
Wisconsin.  Among  the  individual  acreage 
groups,  the  range  was  from  2  percent  in  the 
case  of  the  farms  of  1,000  or  more  acres  to  10 
percent  in  the  case  of  farms  containing 
100-179  acres. 

Of  all  families  living  on  farms  of  all  sizes, 
27  percent  owned  one  or  more  automobiles 
and  one  or  more  trucks.  Among  individual 
acreage  groups  the  range  was  from  6  percent 
in  the  10-29  acreage  group  to  68  percent  in 
the  1,000  or  more  acreage  group.  The  per- 
centage of  farms  having  both  automobiles  and 
trucks  rises  rapidly  as  the  acreage  becomes 
larger.     Arkansas  and  Louisiana  reported  the 
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lowest  percentage  of  families  owning  both  cars 
and  trucks,  8  and  9  percent,  respectively, 
while  the  range  in  the  other  States  was  from 
23  percent  in  Oklahoma  to  58  percent  in 
North  Dakota. 

In  the  six  States,  15  percent  of  farm  families 
owned  trucks  only,  with  a  range  from  7  percent 
on  the  farms  of  less  than  10  acres  to  21  percent 
on  the  farms  of  30-49  acres.  Many  families 
residing  on  farms  use  a  truck  for  all  their 
travel  needs.  In  three  States,  over  20  percent 
of  all  farms  of  all  sizes  had  trucks  only;  the 
other  three  States  reported  less  than  10 
percent  in  this  category. 

Age  of  Automobiles  in  Use 

In  1941,  according  to  the  Automobile 
Manufacturers  Association,  the  average  auto- 
mobile in  use  in  the  United  States  was  only 
5.5  years  old.1  In  1951,  according  to  this 
source,  the  average  passenger  car  in  use  was 
7.1  years  old.  The  same  source  also  indicates 
that  the  average  age  of  motor  vehicles  at  time 
of  scrappage  has  increased  fairly  steadily  from 
6.5  years  in  1925  to  13.5  years  in  1950. '  Since 
1936  the  average  age  at  scrappage  has  in- 
creased at  an  annual  rate  of  about  one-third 
year.  In  1941,  for  example,  it  was  10.2  years, 
and  was  probably  about  13.8  years  in  1951. 

Better-built  vehicles,  better  roads,  wartime 
cessation  of  civilian  motor-vehicle  production, 
and  improved  economic  conditions  that  have 
enabled  more  relatively  low-income  families  to 
own  automobiles  are  undoubtedly  among  the 
factors  that  have  contributed  to  the  increase 
in  the  average  ages  of  vehicles  now  in  service. 

Table  5  indicates  the  distribution  of  auto- 
mobiles in  use  classified  by  year  models  as 
reported  by  the  motor-vehicle-use  studies 
conducted  in  Arkansas,  Louisiana,  Oklahoma, 

i  Automobile  Facts  and  Figures,  32nd  ed.,  1952,  pp.  17,  19. 
Automobile  Manufacturers  Association,  Detroit,  Mich. 


and  Wisconsin.  Table  5  also  compares  the 
results  of  the  motor-vehicle-use  studies  with 
the  vehicle  registrations  for  the  same  four 
States,2  and  the  vehicle  registrations  for  the 
United  States.1  The  three  distributions  are 
closely  parallel. 


'Automotive  Industries,  34th  annual  statistical  issue,  vol. 
106,^0.  6,  March  15,  1952,  pp.  108-115. 


Table  5. — Passenger  cars  in  use,  classified 
by  year  model:  motor-vehicle-use  studies 
compared  with  vehicle  registrations;  sum- 
mer of  1951,  four  States  1 


Year  model 

Motor- 
vehiele- 
use  stud- 
ies, sum- 
mer of 
1951,  four 
States  > 

Vehicle   registra- 
tions, July  1,  1951 2 

Four 
States 

United 
States 

Postwar: 

1951 

Pet. 

8.4 
15.8 
12.1 
7.2 
7.0 
4.6 

Pet. 

6.7 
15.2 
12.7 
7.7 
7.4 
5.1 

Pet. 

7.4 
15.9 

12.9 

7.7 
7.8 
5.1 

1950  

1949 

1948   .. 

1947-.-   

1946     .      

Subtotal 

War  period,  1942-45. 

Prewar: 

1941 

55.1 
2.7 

10.2 

7.8 
4.9 
2.9 
5.7 
4.2 
5.7 

54.8 
2.6 

9.9 
7.3 
5.4 
3.6 
5.7 
}     10.5 

56.8 
2.5 

9.8 

7.3 
5.2 
3.  2 
5.  5 
/      3.9 
\       5.6 

1940 

1939 

1938 

1937-.- -- 

1936 

1935  or  older 

Subtotal 

Not  reported3-.  ... 
All  year  models 

41.4 

.8 

100.0 

42.4 

.2 

100.0 

40.4 

.3 

100.0 

Number  of  vehicles, 
all  year  models 

2,m,i61 

e,  SS4, 766 

38, 616, 000 

i  Arkansas,  Louisiana,  Oklahoma,  and  Wisconsin. 
2  For  sources,  see  text  footnotes  1  and  2,  this  page, 
a  This  table  differs  slightly  from  figure  5  in  that  it  includes 
those  vehicles  for  which  the  year  model  was  not  reported. 
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Figure  5.— Passenger  cars  in  use,  classified  by  year  model  and  by  residence  of  principal  operator;  summer  of  1951,  four  States. 


Populn  lion-group  characteristics 

Figure  5  indicates  the  distribution  of  pass- 
enger cars  in  use  by  age  and  by  population 
group  of  residence  of  the  operators.  The 
information  shown  is  for  the  four  States  for 
which  data  are  presented  in  table  5. 

Slightly  less  than  61  percent  of  the  auto- 
mobiles reported  upon  were  owned  in  incor- 
porated places;  the  remaining  39  percent  were 
owned  in  unincorporated  areas.  About  55 
percent  of  all  vehicles  were  postwar  models, 
less  than  3  percent  were  manufactured  during 
World  War  II,  and  nearly  42  percent  were 
manufactured  before  1942. 

The  ownership  of  the  newer  vehicles — those 
produced  since  1945 — appeared  to  be  more 
heavily  concentrated  in  the  incorporated 
places,  especially  in  the  cities  having  popula- 
tions of  100,000  or  more,  where  64  percent  of 
all  vehicles  were  postwar  models.  Among  the 
four  States,  the  postwar-model  automobiles 
found  in  all  population  groups  ranged  from  49 
percent  in  Oklahoma  to  60  in  Arkansas. 

For  all  population  groups  combined  in  all 
four  States,  8  percent  of  the  passenger  cars 
reported  were  1951  models.  Among  the  indi- 
vidual States,  the  range  was  narrow,  from  7 
percent  in  Oklahoma  to  10  percent  in  Arkan- 
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sas.  In  considering  the  1951  cars — the  new 
cars  at  the  time  of  the  studies — it  should  be 
borne  in  mind  that  they  had  only  been  in 
production  for  a  half-year,  since  the  studies 
were  conducted  in  the  summer  of  1951. 

Almost  16  percent  of  all  automobiles  owned 
in  all  population  groups  combined  were  1950 
models,  which  were  1  year  old  at  the  time  of 
this  study;  there  were  more  of  these  than  any 
other  year  model  covered  by  this  report.  In 
Louisiana  19  percent  of  all  automobiles  re- 
ported were  1950  models,  the  highest  percent- 
age reported  by  any  one  of  the  four  States. 

Automobiles  that  were  2  years  old — 1949 
models — accounted  for  12  percent  of  all  cars 
of  all  ages  reported.  There  was  relatively 
little  variation  in  the  ownership  of  these 
automobiles  between  the  unincorporated  areas 
and  the  incorporated  places. 

Passenger  cars  3  to  5  years  old — 1946-48 
models — accounted  for  only  19  percent  of  all 
vehicles  reported.  Although  1947  and  1948 
models  were  found  to  represent  a  greater  pro- 
portion of  all  vehicles  owned  in  incorporated 
places  than  in  unincorporated  areas,  the  op- 
posite was  true  for  the  1946  models. 

The  ownership  of  vehicles  produced  during 
the  war  period,  1942-45,  and  before  the  war 
(prior  to  1942)  was  found  to  be  greater  in  the 


unincorporated  areas.  Fifty  percent  of  all 
vehicles  owned  in  unincorporated  areas  in  the 
four  States  combined  were  prewar  models 
while  an  additional  3  percent  were  manufac- 
tured during  the  war.  The  corresponding 
percentages  for  incorporated  places  were  36 
and  2,  respectively.  Among  the  individual 
States,  Wisconsin  reported  the  lowest  per- 
centage of  war  and  prewar  automobiles  in  the 
unincorporated  areas,  with  48  percent  so 
shown.  The  highest  percentage  was  62 
reported  for  Oklahoma. 

The  finding  that  older  automobiles  pre- 
dominate among  passenger  cars  owned  in 
unincorporated  areas  is  in  line  with  the  find- 
ings of  earlier  studies,  such  as  the  motor- 
vehicle-allocation  and  road-use  studies.  When 
these  surveys  were  made  in  the  middle  and 
late  1930's  it  was  believed  that  this  finding 
was  largely  the  result  of  the  combined  effects 
of  the  depression  and  drought  that  had  been 
plaguing  widespread  portions  of  the  rural 
areas  of  the  nation.  Now,  however,  it  ap- 
pears that  the  phenomenon  is  a  continuing 
one,  persisting  in  good  times  as  well  as  bad. 

Occupational-group  characteristics 

The  occupational  classification  adopted  for 
the   presentation   of   motor-vehicle-use-study 
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data  is  essentially  that  adopted  fur  the  urban- 
area  origin  and  destination  studies  made  by 
the  State  highway  departments  with  the 
cooperation  of  the  Bureau  of  Public  Roads. 
It  is  based  upon  a  classification  originally 
developed  by  the  Bureau  of  the  Census. 

Although  most  of  the  classifications  used  are 
self-explanatory,  some  require  clarification. 
For  example,  "craftsmen,  foremen,  and  skilled 
laborers"  include  such  occupations  as  boiler- 
makers,  carpenters,  cement  finishers,  elec- 
tricians, inspectors,  locomotive  engineers  and 
firemen,  mechanics,  structural  steel  workers, 
and  tailors.  The  terms  "operatives"  and 
"semiskilled  workers"  include  apprentices, 
vehicle  operators  (such  as  bus  and  truck 
drivers),  operators  of  stationary  machines, 
miners,  railroad  brakemen,  dockhands,  seam- 
stresses, and  other  workers  from  whom  similar 
levels  of  training  or  skill  are  required. 
"Protective-service  workers"  include  person- 
nel in  the  armed  forces,  police,  fire  fighters, 
watchmen,  and  the  like. 

Although  not  an  occupational  group  in  the 
usual  sense,  the  "housewife"  category  was 
set  up  separately  because  of  the  large  number 
of  instances  in  which  it  was  found  that  the 
housewife  was  the  owner,  and  often  the  sole 
operator,  of  a  motor  vehicle. 

Figure  6  indicates  the  distribution  of  passen- 
ger   cars    by    occupation    of    the    principal 


operator  and  by  age  of  vehicle.  In  nearly  all 
cases  reported  the  owner  and  principal 
operator  were  the  same  person.  Conse- 
quently, the  term  owner  is  used  in  these 
discussions.  These  data  are  for  the  States  of 
Arkansas,  Louisiana,  Oklahoma  and  Wisconsin. 

It  may  be  noted  in  figure  6,  for  the  four 
States  combined,  that  farmers  and  farm 
managers  owned  20.2  percent  of  all  cars  of  all 
year  models.  The  next  largest  group  of  car 
owners  was  the  operatives,  semiskilled  and 
unskilled  workers,  and  laborers,  with  20.0 
percent  of  the  vehicles  so  reported.  Among 
the  individual  States  there  was  little  variation 
from  this  average.  Craftsmen  and  foremen 
owned  17  percent  of  all  the  cars,  with  a  range 
in  the  four  States  from  15  percent  in  Oklahoma 
to  20  percent  in  Louisiana.  Store  and  office 
clerks  owned  10  percent  of  all  cars  of  all 
occupational  groups,  with  a  range  among  the 
four  States  from  6  percent  in  Wisconsin  to  16 
percent  in  Oklahoma. 

As  has  been  demonstrated  in  past  studies, 
two  factors,  income  and  use  requirements, 
seem  to  have  an  important  bearing  on  the 
relative  ages  of  cars  owned  by  workers  in 
various  occupational  groups.  Thus,  between 
75  and  80  percent  of  all  cars  reported  driven 
by  traveling  salesmen  and  agents,  professionals 
and  semiprofessionals,  and  proprietors,  man- 
agers,   and    officials    were    postwar    models. 


On  the  other  hand,  only  40  to  50  percent  of  the 
cars  owned  by  farmers  and  farm  managers, 
operatives,  semiskilled  and  unskilled  workers 
and  laborers,  and  retired  persons  had  been 
manufactured  since  the  end  of  World  War  II. 
Three  of  the  occupational  groupings  are 
worthy  of  comment  even  though  the  total  car 
ownership  in  two  of  them  is  relatively  unim- 
portant. These  are  the  housewives,  others, 
and  occupation  not  reported  classifications. 
The  housewife  group  reported  a  considerably 
higher-than-average  percentage  of  newer  cars 
owned,  while  both  of  the  other  groups  reported 
a  much  lower-than-average  percentage  of  such 
vehicles.  The  explanation  of  these  observed 
characteristics  may  be  that  the  housewife 
group  includes  a  relatively  high  representation 
of  multi-car  families,  which  are  generally 
found  in  the  higher-income  brackets  and  so 
can  afford  to  own  newer  automobiles.  The 
other  two  groups  probably  include  many 
students,  itinerant  workers,  and  persons  of  no 
regular  occupation,  all  of  whom  generally 
have  low  incomes  and  so  cannot  afford  to  own 
the  newer  cars. 

CHARACTERISTICS  OF 
MOTOR-VEHICLE  OPERATORS 

Although  at  the  present  time  the  laws  of 
all  States  and  the  District  of  Columbia  require 
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Figure  6.— Passenger  cars  in  use,  classified  by  year  model  and  by  occupation  of  principal  operator;  summer  of  1951,  four  States. 
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Tabic  6.— Proportion  of  total  population  licensed  as  motor-vehicle  operators  in  each  age-sex 
group  for  selected  places  of  residence;  summer  of  1951,  five  States  » 
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that  operators  of  motor  vehicles  be  licensed, 
no  such  requirement  was  in  effect  in  South 
Dakota  when  the  limited  motor-vehicle-use 
study  was  made  in  the  summer  of  1951.  As 
a  result,  the  data  about  motor-vehicle  oper- 
ators presented  in  this  report  are  limited  to 
five  States:  Arkansas,  Louisiana,  North  Da- 
kota, Oklahoma,  and  Wisconsin. 

The  data  obtained  in  the  five  States  indicate 
(table  6)  that  53  percent  of  all  persons  14 
years  old  or  older  residing  in  those  States  then 
had  permits  to  drive  automobiles.  The 
highest  incidence  of  permit  holders  was  69 
percent  in  the  30-39-year  age  group.  These 
findings,  and  others  discussed  subsequently, 
compare  very  favorably  with  the  findings  of 
studies  made  recently  in  several  States  by  the 
Automobile  Manufacturers  Association.3 

According  to  the  motor-vehicle-use  studies, 
67  percent  of  the  licensed  drivers  residing  in 
the  five  States  were  males  while  33  percent 
were  females. 

As  shown  in  table  6  and  figure  7,  74  percent 
of  all  males  over  13  years  old  living  in  those 
States  were  licensed  drivers,  while  only  34 
percent  of  all  females  over  13  years  old  were 
licensed.  Among  the  individual  age  group- 
ings the  highest  incidence  of  drivers,  both 
men  and  women,  was  in  the  30-39-year  age 
group,  the  percentages  for  the  sexes  being  88 
and  50,  respectively.  Actually,  there  was 
relatively  little  deviation  from  these  percent- 
age relations  in  the  21-29  or  40-49  age  groups. 
The  percentage  of  all  males  50-59  years  of  age 
licensed  to  drive  was  only  slightly  smaller,  79 
percent,  but  the  corresponding  percentage  for 
females  was  only  27  percent.  The  relative 
percentages  of  both  male  and  female  drivers 
to  corresponding  age-group  totals  were  much 
smaller  under  21  and  over  59  years  of  age 
than  for  any  age  group  between  those  limits. 

The  14-20-year  age  groups  require  special 
consideration  because  the  percentages  of  per- 
sons within  these  groups  who  were  licensed  to 
drive  automobiles  were  directly  affected  by 
the  licensing  laws  of  the  individual  States. 
In  Arkansas,  North  Dakota,  Oklahoma,  and 
Wisconsin  junior  driver  permits  might  be 
obtained  at  age  14  under  certain  conditions. 

*  For  some  results  of  these  studies  see  Automobile  Facts 
and  Figures,  33rd  ed.,  1953,  p.  36.  Automobile  Manufac- 
turers Association,  Detroit,  Mich. 
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Although  junior  permits  were  not  issued  in 
Louisiana,  a  regular  driver's  license  might  be 


obtained  there  at  age  15.  In  North  Dakota, 
Oklahoma,  and  Wisconsin  the  minimum  age 
for  a  regular  operator's  license  was  16;  in 
Arkansas  it  was  18.  Among  the  five  States 
the  percentage  of  all  drivers  under  20  years 
of  age  ranged  from  8  percent  in  Arkansas  and 
Wisconsin  to  14  percent  in  North  Dakota. 

The  unincorporated  areas  and  the  incorpo- 
rated places  reported  about  the  same  per- 
centage of  male  and  female  drivers  of  total 
male  and  female  population  for  all  age  groups 
combined  as  was  reported  for  all  population 
groups.  With  few  exceptions,  only  minor 
variations  may  be  noted  among  the  various 
age  groups.  The  percentage  of  drivers  14  and 
15  years  of  age  was  more  than  twice  as  high 
in  the  unincorporated  areas  as  in  the  incorpo- 
rated places.  In  almost  every  age  group  the 
percentages  of  drivers,  both  male  and  female, 
were  a  little  higher  in  the  unincorporated 
areas  than  in  the  incorporated  places. 
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Figure  7. — Proportion  of  total  population  in  each  age-sex  group  licensed  as  motor-vehicle 
operators,  for  selected  places  of  residence;  summer  of  1951,  five  States. 
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Table  7.— Percentages  of  gainfully-em- 
ployed persons  who  travel  to  work,1  classi- 
fied by  occupation;  summer  of  1951,  six 
States  2 
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Figure  8. — Age  distribution  of  licensed  motor-vehicle  operators  for  each  sex  group, 
for  selected  places  of  residence;  summer  of  1951,  five  States. 


Some  of  the  characteristics  already  men- 
tioned are  placed  in  a  different  perspective  in 
figure  8.  For  all  population  groups  combined 
in  the  five  States,  over  26  percent  of  all  drivers 
of  all  ages  were  between  30  and  39  years  of 
age.  About  30  percent  of  all  female  drivers 
and  24  percent  of  all  male  drivers  were  in  this 
age  group.  It  may  be  noted  also  that  75 
percent  of  all  female  drivers  and  63  percent 
of  all  male  drivers  were  between  21  and  49 
years  of  age.  In  the  14-20-year  age  groups, 
the  percentage  of  male  and  female  drivers 
were  reported  as  9  and  7  percent,  respectively. 

The  distribution  of  all  drivers  in  the  unin- 
corporated areas  reflects  the  influence  of  the 
importance  of  the  motor  vehicle  to  the  rural 
areas.  A  considerably  higher  percentage  of 
younger  motor-vehicle  operators  was  reported 
for  the  unincorporated  areas  than  for  the 
incorporated  places:  In  the  unincorporated 
areas  11  percent  of  all  drivers  were  under  21 
years  of  age  as  compared  with  7  percent  in 
all  incorporated  places.  At  the  other  extreme, 
the  percentage  of  drivers  over  60  years  of  age 
did  not  vary  markedly  between  the  unincorpo- 
rated areas  and  the  incorporated  places. 
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TRAVEL  TO  AND  FROM  WORK 

Most  employed  persons  find  it  necessary  to 
travel  to  and  from  their  places  of  employment, 
thereby  producing  the  rush-hour  traffic  con- 
gestion found  in  urban  areas.  Travel  to  and 
from  work  was  the  cause  of  more  than  30 
percent  of  the  trips  and  over  20  percent  of  the 
mileage  traveled  by  the  average  private  auto- 
mobile. Because  of  the  importance  of  this 
segment  of  passenger  travel,  and  its  bearing  on 
many  aspects  of  the  provision  of  highway 
facilities,  it  was  given  rather  extensive  con- 
sideration in  the  motor-vehicle-use  studies. 

Table  7  indicates,  for  the  six  States  covered 
in  this  report,  the  total  number  of  gainfully 
employed  persons  in  each  occupational  group 
and  the  percentages  traveling  between  their 
homes  and  their  places  of  employment.  (In 
general,  in  this  report,  walking  is  included 
among  the  modes  of  travel  to  and  from  work.) 
It  will  be  noted  that  68  percent  of  all  workers 
in  all  occupational  groups  combined  came  into 
this  category;  the  remaining  32  percent  worked 
at  their  places  of  residence.  As  would  be 
expected,  only  9  percent  of  the  farmers  and 
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farm  managers  traveled  to  work;  a  far  lesser 
proportion  than  for  any  other  group. 

Modes  of  Travel  to  and  from   Work 

Figure  9  and  table  8  indicate  the  extent  of 
use  of  various  modes  of  travel  by  workers 
residing  in  each  of  the  various  population 
groups.  As  used  here,  the  term  public  trans- 
portation includes  all  types  of  carriers,  such 
as  city  transit  lines,  intercity  bus  lines,  and 
railroads.  However,  transportation  by  truck 
or  bus  provided  by  the  employer  would  be 
classified  under  other  means,  as  would,  for 
example,  travel  to  and  from  work  by  motor- 
cycle or  bicycle,  or  in  a  truck  owned  by  the 
worker. 

For  all  population  groups  combined,  61  per- 
cent of  the  workers  used  passenger  cars  alone 
for  home-to-work  travel.  Among  the  popula- 
tion groups,  the  range  was  from  46  percent  in 
incorporated  places  having  a  population  of 
100,000  or  over  to  73  percent  in  unincorporated 
areas.  The  next  most  common  means  of 
travel  was  walking,  with  16  percent  of  all  per- 
sons walking  to  and  from  work.  The  smallest 
proportion  of  walkers,  as  one  might  expect, 
was  in  the  unincorporated  areas  (8  percent) ; 
the  largest  was  in  incorporated  places  having 
a  population  under  5,000  (27  percent).  Use 
of  public  transportation  alone  was  the  highest, 
38  percent,  in  the  places  having  a  population 
of  100,000  or  over  and  lowest,  2  percent,  in 
places  under  5,000.  This  is  about  what  would 
be  expected — the  larger  the  place,  the  more 
important  would  be  the  public  transportation 
system.  Trips  in  which  both  public  trans- 
portation and  automobiles  were  used  in  com- 
bination amounted  to  less  than  2  percent. 

Relation  Between   Distance  to   Work 
and  Mode  of  Travel 

It  is  generally  recognized  that  there  is  a 
definite  relation  between  distance  from  home  to 
work  and  mode  of  travel  used  in  getting  to  and 
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Figure  9. — Gainfully -employed  workers  in  each  population  group  using  various  modes  of  home-to-ivork 

travel;  summer  of  1951,  six  States. 


Table   8. — Percentages  of  gainfully-employed   workers  in  each  population   group   using 
various  modes  of  home-to-work  travel;  summer  of  1951,  six  States  ' 
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from  work — a  hypothesis  supported  by  these 
motor-vehicle-use  studies. 

Table  9  presents  the  combined  findings  of 
the  six  State  studies  reported  upon.  For  all 
population  groups  except  incorporated  places 
having  populations  under  5,000  inhabitants, 
more  persons  who  lived  less  than  a  mile  from 
their  places  of  employment  walked  to  work 
than  traveled  by  any  other  means.  However, 
when  the  distance  to  work  was  1  mile  or  more, 
the  percentage  of  workers  traveling  to  and 
from  (heir  jobs  entirely  by  automobile  ex- 
led  68  percent  in  all  cases  except  in  cities 
having  populations  of  100,000  inhabitants  or 
more,  where  the  percentage  was  40.  Of  all 
persons  walking  to  work,  85  percent  lived 
within  1  mile  and  more  than  99  percent  within 
3  miles  of  their  work. 

Public  transportation  was  relied  upon  more 
heavily  by  workers  living  in  cities  having 
25,000  or  more  inhabitants  than  by  those 
residing  elsewhere.  About  17  percent  ot 
workers   living  in  places  having   populations 
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of  25,000-100,000  traveled  from  home  to 
work  by  public  transportation  for  all  or  part  of 
their  trips;  for  cities  of  100,000  or  more 
inhabitants  the  comparable  percentage  was  41. 
However,  in  both  classes  of  places  it  was  the 
workers  who  lived  from  1  to  5  miles  from  their 
jobs  who  relied  most  heavily  upon  public 
transportation  in  getting  to  and  from  work. 

Distribution  of  Workers  Using 
Automobiles 

In  the  six  States  reported  upon,  about  65 
percent  of  all  persons  using  automobiles  in 
going  to  and  from  their  jobs  traveled  5  miles 
or  less  one  way  on  such  trips  (fig.  10).  Con- 
versely, only  8  percent  traveled  20  miles  or 
more  each  way  between  their  homes  and  places 
of  employment. 

In  all  of  the  frequency  distributions  shown 
in  figure  10,  the  great  proportion  of  trips  were 
in  the  shortest  distance  ranges,  except  for  the 
unincorporated   areas   and  the   cities  having 


populations  in  excess  of  100,000.  The  sig- 
nificance of  these  relations  becomes  more 
apparent  when  they  are  considered  along  with 
the  relations  shown  in  figure  9.  People  who 
live  in  unincorporated  areas  and  incorporated 
places  having  populations  of  less  than  25,000 
relied  very  little  upon  public  transportation 
as  a  means  of  getting  to  and  from  work. 
Therefore,  most  residents  of  such  areas  who 
traveled  to  and  from  work  either  walked  or  else 
drove  or  rode  in  automobiles.  In  the  medium- 
sized  cities  (25,000-100,000  inhabitants)  public 
transportation  was  an  important  factor  but, 
probably  because  of  the  relatively  short  dis- 
tances involved,  its  effect  seemed  to  be  mainly 
to  reduce  the  percentage  of  walkers  rather 
than  that  of  automobile  users.  Only  in  the 
larger  cities  (those  having  population  of 
100,000  or  more)  did  public  transportation 
become  a  major  factor  in  transporting  workers; 
here  the  percentage  of  workers  using  auto- 
mobiles was  at  its  lowest  level.  Even  in 
these  larger  places,  however,  the  percentage 
of  workers  traveling  by  automobile  (46  per- 
cent) exceeded  the  percentage  using  mass 
transportation  for  the  entire  trip  or  in  com- 
bination with  auto  travel  (total  of  41  percent). 

In  figure  10  the  total  number  of  automobile 
users  represents  nearly  75  percent  of  all 
workers  living  in  unincorporated  areas  re- 
quiring home-to-work  travel,  about  62  to  64 
percent  of  such  workers  living  in  incorporated 
places  having  populations  of  less  than  100,000, 
and  46  percent  of  such  workers  living  in  larger 
places. 

Workers  living  in  unincorporated  areas 
include  both  those  living  in  suburban  sections 
and  those  living  in  rather  remote  open-country 
areas.  It  was  not  unexpected,  therefore,  to 
find  that  55  percent  of  these  workers  who  go 
to  and  from  work  by  automobile  traveled 
more  than  5  miles  one  way,  or  that  11  percent 
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of  them  traveled  25  miles  or  more  one  way. 

Although  a  goodly  number  of  workers  living 
in  incorporated  places  having  less  than  5,000 
inhabitants  worked  elsewhere,  as  was  evi- 
denced by  the  more  than  8  percent  who  trav- 
eled more  than  25  miles  by  car  to  their  jobs, 
nearly  two-thirds  of  the  automobile  users 
worked  within  5  miles  of  their  homes,  and 
40  percent  within  1  mile  of  home.  In  the 
next  larger  class  of  places,  only  3  percent  of 
the  workers  traveled  over  25  miles  to  their 
jobs,  while  78  percent  traveled  less  than  5 
miles — indicating,  it  would  seem,  that  these 
communities  were  much  more  self-contained 
than  the  smaller  places. 

Only  1.5  percent  of  automobile  users  living 
in  places  having  populations  of  100,000  or 
more  traveled  25  miles  or  more  to  work. 
On  the  other  hand,  while  65  percent  reported 
traveling  less  than  5  miles  to  work,  only  20 
percent  traveled  less  than  2  miles.  Evidences 
of  the  effects  of  larger  area  and  increased  use 
of  public  transportation  for  short  trips 
appear  to  be  present. 

Relation  of  Occupation  and  Mode  of 
Travel  to  Work 

Two  factors  might  be  expected  to  have  an 
important  bearing  upon  whether  or  not 
workers  in  various  occupational  groups  would 
be  likely  to  use  automobiles  in  traveling 
between  home  and  work:  The  need  for  a  car 
on  the  job,  and  the  nature  of  the  individual 
occupational  group. 

Table  10  indicates  the  relative  distribution 
of  modes  of  travel  used  in  going  to  and  from 
their  jobs  by  workers  in  the  various  occu- 
pational groups,  as  shown  by  the  findings  of 
motor-vehicle-use  studies  made  in  the  six 
States.  In  all  but  one  of  the  five  classes  of 
places,  traveling  salesmen  and  agents  used 
automobiles  more  than  any  other  occupational 
group.  The  one  exception  was  the  proprietor, 
manager,  and  official  group  in  the  cities 
having  a  population  of  100,000  or  more. 
Most  traveling  salesmen  and  agents,  of  course, 
find  it  necessary  to  use  automobiles  in  connec- 
tion with  their  work. 

In  the  four  groups  of  places  where  traveling 
salesmen  and  agents  led  in  the  percentage  of 
workers  using  automobiles,  the  proprietor, 
manager,  and  official  group  was  second  in  two, 
while  the  craftsmen,  foremen,  and  skilled 
laborers  group  was  second  in  one  and  the 
protective-service  group  was  second  in  the 
other. 

The  personal-service  worker  group  was 
lowest  in  percentage  of  car  use  in  all  popula- 
tion groups. 

DISTRIBUTION  OF  AUTOMOBILE 
TRAVEL 

Perhaps  the  most  pressing  need  for  the 
information  obtainable  in  the  motor-vehicle- 
use  studies  is  for  data  concerning  the  distribu- 
tion of  motor-vehicle  travel  by  road  systems, 
by  type  of  area  or  size  of  place  where  the 
travel  is  performed,  and  by  place  of  residence 
of  the  vehicle  user.  A  consistent  tendency 
for  respondents  to  interviews  to  under-report 


Table  9.— Distribution  of  gainfully-employed  workers  traveling  from  home  to  work, 
classified  by  mode  of  travel  within  each  distance  group  for  all  places  of  residence;  summer 
of  1951,  six  States1 


Population  group  and  one-way  distance 


All 


Miles 

places: 

0.1-0.9 

1.0-1.9 

2.0-2.9 

3.0-4.9 

5.0-9.9 

10.0-19.9 

20  and  over. 

Not  reported 

All  distances 

Unincorporated  areas: 

0.1-0.9 

1.0-1.9.... 

2.0-2.9.... 

3.0-4.9 

5.0-9.9 

10.0-19.9 

20  and  over 

Not  reported 

All  distances 

All  incorporated  places: 

0.1-0.9 

1.0-1.9 

2.0-2.9 

3.0-4.9 

5.0-9.9 

10.0-19.9 

20  and  over 

Not  reported... 

All  distances 

Incorporated  places  under  5,000: 

0.1-0.9 

1.0-1.9 

2.0-2.9. 

3.0-4.9 

5.0-9.9 

10.0-19.9 

20  and  over 

Not  reported 

All  distances 

Incorporated  places  of  5,000-24,999: 

0.1-0.9 

1.0-1.9 

2.0-2.9 

3.<M.9 

5.0-9.9 

10.0-19.9 

20  and  over 

Not  reported 

All  distances 

Incorporated  places  of  25,000-99,999: 

0.1-0.9 

1.0-1.9 

2.0-2.9 

3.^4.9 

5.0-9.9 

10.0-19.9 

20  and  over 

Not  reported.. ._ 

All  distances 

Incorporated  places  of  100,000  and  over: 

0.1-0.9 

1.0-1.9 

2.0-2.9 

3.0-4.9 

5.0-9.9 

10.0-19.9 

20  and  over . 

Not  reported 

All  distances 


Number  of 
workers 2 


690, 176 
425, 162 
292,  710 
371, 195 
340, 541 
204, 492 
136, 358 
265, 901 
2,  726,  535 

65,  639 
42, 154 
55,  725 
85,412 

117,089 
80, 398 
71, 177 
74, 152 

591,  746 

624,  537 
383,  OOS 
236,  985 
2S5,  783 
223,  452 
124,  094 
65, 181 
101,  749 
2, 134,  789 

234, 007 
49,  519 
11,064 
21,634 
44,  364 
42, 062 

33,  398 
60,129 

496, 177 

188,  558 
115,541 
31,351 
19,661 

21,  754 
30,  776 
14,  593 
53, 917 

476,  151 

106, 180 
119,120 
89, 032 
.--,4,  4.56 

34.  868 
12,  517 

8.133 

22,  248 
446,  554 

95,  792 

98, 828 
105,  538 
190,032 
122,  466 

38,  739 
9.  057 

55,  455 
715.907 


Distribution  of  workers,  by  mode  of  travel 


AH  modes 
of  travel 


Percent 
100.0 
100.0 
100.0 
100.0 
100.0 
100. 0 
100.0 
100.  0 
100.0 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 


Passenger 
car 


100.0 

47.2 

100.0 

80.3 

100.0 

80.5 

100.0 

85.7 

100.0 

90.0 

100.0 

95.2 

100.0 

90.0 

100.0 

38.5 

100.0 

64.4 

100.0 

38.8 

100.0 

68.2 

100.0 

71.0 

100.0 

73.5 

100.0 

87.3 

100.0 

87.2 

100.0 

71.2 

100.0 

34.5 

100.0 

62.8 

100.0 

26.0 

100.0 

40.1 

100.0 

43.5 

100.0 

48.7 

100.0 

62.5 

100.  0 

73.6 

100.0 

65.  7 

100.0 

32.7 

100.0 

46.4 

Percent 
42.9 
66.5 
65.4 
65.7 
77.0 
84.1 
84.5 
37.7 
61.0 

41.9 
72.7 
85.3 
89.5 
82.8 
81.1 
84.7 
39.4 
73.3 

43.0 

65.8 
60.8 
58.6 
74.0 
86.0 
84.2 
37.0 
57.6 

48.4 
77.8 
86.5 
82.9 
87.2 
90.3 
89.9 
40.6 
62.6 


Public 
trans- 
por- 
tation 


Percent 

3.3 
18.3 
28.5 
28.6 
18.4 

9.5 

6.1 

9.1 
14.8 

.8 
1.6 
3.7 
4.3 
10.8 
8.0 
5.8 
1.7 
5.3 

3.6 
20.1 
34.4 
35.9 
22.4 
10.5 

6.5 
12.0 
17.5 


1.0 
5.1 
6.5 
2.0 
3.9 
3.2 
1.6 

1.7 
6.1 
10.8 
10.6 
4.2 
4.0 
8.4 
1.5 
4.2 

5.2 
17.9 
26.2 
23.1 


Passenger 
car  and 

public 
transpor 

tatlon 


1 '  a cent 
.7 
1.3 
1.1 
2.2 
1.6 
2.3 
2.7 
1.4 
1.5 

1.8 
5.9 


Walk 


9.1 
13.1 
15.7 


.5 
1.9 
3.6 

2.3" 

1.8 


.9 
1.4 
2.8 
1.4 
1.5 
5.7 
1.1 
1.4 


4.4 
5.0 
1.6 
3.6 
1.8 
.3 
1.  1 


1.8 
1.7 


2.4 


.4 


1.0 
.3 

.5 

"To" 

3.4 

15.6 


Percent 

50.5 

12.0 

2.5 

.4 

.4 


13.9 
16.4 

52.2 

13.9 

5.6 

.3 


6.1 
8.1 

50.3 

11.8 

1.7 

.4 

.5 


16.9 
18.7 

47.  5 
20.7 
3.0 

"Li" 


All  other 

means 

and  not 

reported 


14.2 

1.1 

49.1 

.8 

51.8 

1.7 

45.7 

3.  6 

35.  2 

1.2 

25.9 

10.6 

19.  9 

31.2 

3.  0 

38.4 

2.2 

22.5 
27.4 

48.4 
10.3 
2.0 
3.7 


19.7 
24.2 

53.0 
12.0 

1.5 
.8 

1.3 


17.9 
17.2 

58.0 
8.7 
1.7 


Percent 
2.6 
1.9 
2.5 
3.1 
2.6 
4.1 
6.7 
37.9 
6.3 

3.3 
5.9 

5.4 

5.4 

4.3 

7.3 

9.5 
50.5 
11.5 

2.5 
1.4 
1.7 
2.3 
1.7 
2.0 
3.6 
33.0 
4.8 

3.7 
1.5 
5.  1 
7.0 
3.3 
4.1 
4.4 
33.4 
7.3 

2.2 

1.5 
5.0 


3.4 

.8 

l.fi 

39.9 

6.  3 

2.0 
1.6 
.8 
2.6 
1.8 
2.7 
4.  1 
34.  5 
3.4 


1.3 

1.3 


o 

0 

J 

0 

5 

3 

8 

25 

3 

3 

1 

1  Arkansas,  Louisiana,  North  Dakota,  Oklahoma,  South  Dakota,  and  Wisconsin. 

2  These  numbers  differ  slightly  from  those  shown  in  table  10  hecause  this  table  excludes  36,096  persons  for  whom  occu- 
pation was  reported  but  both  the  method  of  transportation  and  the  mileage  to  work  were  not  reported. 


travel  has  been  observed  in  other  studies  of 
this  nature.  Consequently,  it  can  be  ex- 
pected that  a  tendency  for  some  under- 
reporting of  trip  data  will  occur  in  these 
studies,  with  the  result  that  the  total  vehicle- 
miles  traveled  may  be  somewhat  understated. 
It  is  believed,  however,  that  the  percentage 
distribution  of  travel  will  be  reasonably 
representative  of  the  characteristics  of  the 
total  amount  of  travel  performed. 

Since  the  travel  information  available  for 
this  preliminary  report  includes  data  from 
only  four  States  in  the  central  region  of  the 
United    States,    it    quite    probably    does    not 


adequately  represent  the  United  States  as  a 
whole,  particularly  in  the  rural  and  urban 
travel  distribution,  •  and  should  be  considered 
in  that  light.  It  does,  however,  give  a  picture 
orthe  type  of  information  collected. 

Distribution   by   Place  of   Travel 

Rural  roads. — The  main  rural  roads  (pri- 
mary State  highways)  carried  about  one- 
half  of  the  automobile  travel  of  both  rural  and 
urban  residents,  as  shown  in  figure  11  and 
table  11.  About  49  percent  of  the  total  auto- 
mobile travel   performed  by  residents  of  un- 
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Figure  10. — Gainfully -employed  workers  using  passenger  cars  for  home-to-work  travel,  classified  by  distance  to  place  of  employment 

and  by  place  of  residence;  summer  of  1951,  six  States. 


incorporated  areas  and  47  percent  of  the  total 
travel  performed  by  residents  of  incorporated 
places  in  these  States  occurred  on  the  primary 
rural-road  system  within  the  State  of  resi- 
dence.  This  percentage  varied  from  a  low 
of  33  percent  for  residents  of  cities  having  a 
population  of  100,000  or  more  to  a  high  value 
of  59  percent  for  those  living  in  places  with  a 
population  of  less  than  5,000. 

Among  the  individual  States  the  range  in 
enger-car  travel  between  main  rural  roads 
and  other  rural  roads  varied  somewhat, 
primarily  because  of  differences  in  the  pro- 
portionate extenl  of  rural-road  mileages  in  the 
primary  highway  systems  of  these  Si. 
This  variation  ranged  from  40  percent  for  the 
State  primary  roads  of  Louisiana  to  69  percent 
in     Arkansas.      The    local     rural-road     travel 


varied  in  opposite  order,  from  7  pcrcentin 
Arkansas  to  31  percent  in  Louisiana.  This, 
of  course,  may  be  explained  by  the  fact  that 
the  primary  rural-road  mileage  of  Louisiana 
amounted  to  only  6  percent  of  the  total  rural- 
road  mileage  of  the  State,  whereas  14  percent 
of  the  rural  roads  in  Arkansas  were  on  the 
State  primary-road  system. 

Residents  of  the  unincorporated  areas  used 
the  local  rural-road  system  of  their  States 
proportionately  more  than  the  urban  resi- 
dents: 32  percent  of  their  automobile  travel 
was  on  local  roads  as  compared  with  7  percent 
for  residents  of  all  incorporated  places.  This 
use  of  local  roads  by  residents  of  incorporated 
places  varied  from  a  high  of  13  percent  for 
residents  of  the  smaller  places  to  3  percent  for 
those  living  in  the  larger  cities. 


City  streets. — As  would  be  expected,  urban 
residents  drove  their  cars  on  the  streets  in  the 
incorporated  places  within  the  State  of 
residence  (36  percent  of  their  travel)  to  a  much 
larger  extent  than  did  the  rural  residents  (14 
percent).  In  the  incorporated  places,  the 
range  was  from  21  percent  for  residents  of 
cities  having  a  population  under  5,000  to  58 
percent  in  the  cities  having  a  population  of 
100,000  or  more. 

In  considering  the  travel  performed  in  the 
incorporated  places  within  the  State  by  the 
residents  of  these  States,  it  may  be  noted  from  | 
figure  12  and  table  12  that  slightly  over  one- 
half  of  the  passenger-car  travel  within  these 
places  resulted  from  trips  confined  entirely 
within  cities.  The  percentage  of  city  travel 
represented    by    trips    entirely    within    cities 
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aried  from  18  percent  in  the  cities  having  a 
opulation  of  less  than  5,000  to  75  percent 
l  the  cities  having  a  population  of  100,000 
r  more.  It  will  be  noted  in  table  12  that 
he  variation  from  State  to  State  was  rela- 
ively  small  within  each  of  the  population 
-  roups. 

Total  travel. — Of  all  travel  by  passenger 
ars  in  these  four  States,  71  percent  was  in 
_  he  unincorporated  areas  and  29  percent  in 
he  incorporated  places,  as  shown  in  table  11 
nd  figure  11.  Among  the  individual  States, 
he  range  for  travel  in  incorporated  places 
»-as  from  24  percent,  for  Arkansas  to  30  per- 
ent  for  Louisiana  and  Oklahoma. 

Out-of-State  travel. — Approximately  8  per- 
ent  of  the  travel  performed  by  residents  of 
hese  four  States  was  on  roads  and  city  streets 
n  other  States.  Among  individual  States, 
here  was  very  little  variation  in  the  percent- 
ile of  out-of-State  travel. 

Occupational   Distribution   of  Auto- 
mobile Travel 

\    Approximately   one-half — ranging   from   43 

Percent  to  53  percent — of  the  total  passenger- 

•ar  travel  of  each  occupational  group  was  per- 

brmed  on  the  primary  highways  within  the 

■?tate  of  residence,  as  shown  in  figure  13  and 

able  13. 

Farmers  and  farm   managers  reported   37 

Percent  of  their  driving  on  other  rural  roads 

within  the  State  of  residence — far  more  than 

,he  9   to    19   percent  for   the   various   other 

jccupational  groups. 

]  The  farmers  and  farm  managers  drove  only 
13  percent  of  their  total  in-State  mileage  on 
i  ;treets  in  incorporated  places.  As  a  result  of 
:heir  low  proportion  of  city  driving  and  their 
•elatively  high  proportion  of  driving  on  other 
•ural  roads,  they  had  about  the  same  propor- 
ion  of  travel  on  the  primary  highways  as  all 
jther  occupational  groups. 
Three  groups — professionals  and  semipro- 
fessionals, proprietors,  managers,  and  officials, 
ind  store  and  office  clerks  and  salesmen — per- 
ormed  a  greater  proportion  of  travel  outside 
>f  their  State  of  residence  than  did  the  other 
jccupational  groups,  reporting  out-of-State 
travel  of  about  11  percent.  Farmers  and  farm 
managers  and  miscellaneous  (including  retired 
persons,  other  unclassified  occupations,  and 
occupations  not  reported),  reported  that  less 
than  3  percent  of  all  their  travel  was  outside 
the  State  of  residence.  The  other  occupa- 
tional groups  showed  a  range  from  5  to  9 
percent. 

Figure  14  shows  the  distribution  of  travel 
and  the  number  of  automobiles  by  occupa- 
tional groupings  for  each  place  of  residence  of 
principal  operator.  For  all  population  groups 
combined,  five  of  the  eleven  occupational 
groups  traveled  a  higher  percentage  of  the 
total  vehicle-miles  than  the  corresponding 
proportion  of  automobiles  owned  by  these 
people.  For  instance,  the  professional  and 
semiprofessional  group  traveled  10  percent  of 
all  the  vehicle-miles  while  operating  only  7 
percent  of  the  cars. 

The  relative  distributions  among  occupa- 
tional groups  for  each  of  the  four  groups  of 
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Table  10.— Distribution  of  gainfully  employed  workers  traveling  from  home  to  work, 
classified  by  mode  of  travel  within  each  occupation  group  for  each  place  of  residence; 
summer  of  1951,  six  States  * 


Residence  ami  occupational  group 


All  places: 

Professionals  and  semiprofessionals. 
Proprietors,  managers,  officials  3_.  . . 

Store  and  office  clerks,  salesmen 

Traveling  salesmen,  agents,  etc 

Craftsmen,  foremen,  skilled  laborers 
Operatives,  workers,  and  laborers.. 

Protective  services 

Personal-service  workers 

Miscellaneous.. _. 

Occupation  not  reported. 

All  occupations 

Unincorporated  areas: 

Professionals  and  semiprofessionals. 

Proprietors,  managers,  officials  3 

Store  and  office  clerks,  salesmen 

Traveling  salesmen,  agents,  etc 

Craftsmen,  foremen,  skilled  laborers. 
Operatives,  workers,  and  laborers... 

Protective  services.  

Personal-service  workers 

Miscellaneous 

Occupation  not  reported 

All  occupations 

All  incorporated  places: 

Professionals  and  semiprofessionals.. 

Proprietors,  managers,  officials  3 

Store  and  office  clerks,  salesmen 

Traveling  salesmen,  agents,  etc 

Craftsmen,  foremen,  skilled  laborers. 
Operatives,  workers,  and  laborers... 

Protective  services 

Personal-service  workers 

Miscellaneous 

Occupation  not  reported 

All  occupations 

Incorporated  places  under  5,000: 

Professionals  and  semiprofessionals. . 

Proprietors,  managers,  officials  ' 

Store  and  office  clerks,  salesmen 

Traveling  salesmen,  agents,  etc 

Craftsmen,  foremen,  skilled  laborers. 
Operatives,  workers,  and  laborers... 

Protective  services 

Personal-service  workers 

Miscellaneous 

Occupation  not  reported 

All  occupations 

Incorporated  places  of  5,000-24,999: 

Professionals  and  semiprofessionals  . 

Proprietors,  managers,  officials  3 

Store  and  office  clerks,  salesmen 

Traveling  salesmen,  agents,  etc...  . 
Craftsmen,  foremen,  skilled  laborers. 
Operatives,  workers,  and  laborers  .. 

Protective  services 

Personal-service  workers .- 

Miscellaneous 

Occupation  not  reported 

All  occupations 

Incorporated  places  of  25,000-99,999: 
Professionals  and  semiprofessionals. 

Proprietors,  managers,  officials  3 

Store  and  office  clerks,  salesmen 

Traveling  salesmen,  agents,  etc 

Craftsmen,  foremen,  skilled  laborers 
Operatives,  workers,  and  laborers.. 

Protective  services 

Personal-service  workers. 

M  iscellaneous 

Occupation  not  reported —     

All  occupations 

Incorporated  places  of  100,000  and  over: 
Professionals  and  semiprofessionals. 

Proprietors,  managers,  officials  3 

Store  and  office  clerks,  salesmen 

Traveling  salesmen,  agents,  etc 

Craftsmen,  foremen,  skilled  laborers 
Operatives,  workers,  and  laborers.. 

Protective  services 

Personal-service  workers. . . 

Miscellaneous 

Occupation  not  reported . 

All  occupations 


Number  of 
workers  2 


23(1. 09S 
334,062 
192, 892 

49, 599 
494, 260 
805,015 

53, 379 

173,857 

8,516 

120,953 

2,702,631 


30, 385 

95,  435 

68, 953 

3,457 

106,  953 

'.'.'(.(ins 

14,073 

16.77C 

1,478 

43,  856 

605, 368 


199,713 
238, 627 
423,  939 

46,  142 
387,  307 
581,007 

39,  306 

157,087 

7,038 

77, 097 

2,  157,263 


50,900 

85, 266 

80, 660 

6,070 

85,  832 

149.181 

5,  1'ii  I 

27,375 

843 

14,  165 

505,  752 


44,053 

54, 697 

1114,974 

8,838 

88,078 

120,  115 

10.012 

27,  777 

1,665 

18,951 
479,  190 


39,  276 
16,045 
73, 928 

17,896 
82,  707 
129,434 
10,272 
25,649 
3,  H37 
23.  392 

451,030 


65,  184 

52,619 
164.377 

13,338 
130,689 

182.  27S 

76, 286 
20,  589 

720, 685 


All 

modes  of 

travel 


Pet. 

ioo.  o 
100.0 
100. 0 
100.0 
100.0 
100.  0 
100.0 
100.0 
100.0 
100.0 

100.  0 


100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

I'll  II 

100.0 
100.0 


100.0 

ioo.  o 
ioo.  o 
ioo.  o 

100.0 

ioo.  o 

100.  0 

loo.o 

100.0 
100.0 

100.0 


loo.o 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

100.0 


100.0 
100.0 
100.  0 
100.0 
100.0 
1C0.0 
100.0 
100.  0 
100.  0 
100.0 

100.  0 


100.  0 
100.  0 
100.0 

100.0 
100.  0 
100.0 
100.0 
100.0 
100.0 
100.0 

100. 0 


100.0 

100.0 
100.0 
100.  0 
IOO.  0 
100.0 
100.  0 
100. 0 
100.0 
100.0 

100  0 


Distributio 

n  of  workers,  by  mode  of  travel 

Passen- 

All 
other 

Public 

ger  car 

Passen- 

trans- 

and 

ger  car 

porta- 
tion 

public 
transpor- 
tation 

Walk 

means 
and  not 
reported 

Pet. 

Pet. 

Pet. 

Pel. 

Pet. 

65.  2 

11.2 

0.9 

16.8 

5.  9 

73.7 

3.2 

.8 

14.4 

7.9 

59.3 

18.6 

2.0 

17.4 

2.7 

82.6 

5.9 

1.9 

4.6 

5.0 

71.7 

11.2 

1.3 

10.2 

5.  •> 

59.3 

14.7 

1.5 

16.8 

7.7 

66.  0 

8.3 

2.0 

8.2 

15.5 

22.5 

34.4 

.6 

32.0 

10.5 

74.9 

5.7 

15.8 

3.6 

15.4 

32.1 

3.1 

21.2 

28.2 

61.0 

14.8 

1.5 

10.4 

6.3 

78.0 

4.6 

6.5 

10.9 

67.2 

.2 

.6 

17.7 

14.3 

83.1 

5.0 

1.0 

5.0 

5.3 

90.5 

9.5 

85.7 

2.9 

.8 

2.3 

8.3 

75.5 

1.2 

3.0 

6.4 

13.9 

60.8 

2.8 

2.8 

33.6 

48.0 

5.2 

19.0 

27.8 

50.0 

30.  9 

13.1 

10.4 

49.7 

5.0 

13.7 

21.2 

73.3 

5.3 

1.8 

8.  1 

11.5 

63.3 

12.3 

1.0 

18.3 

5.1 

76.3 

4.4 

.9 

13.1 

5.3 

55.4 

20.7 

2.2 

19.5 

2.2 

82.0 

6.3 

2.  1 

5.0 

4.  0 

67.8 

13.4 

1.5 

12.4 

4.9 

53.0 

19.9 

.9 

20.8 

5.4 

07.9 

10.3 

2.7 

10.1 

9.0 

19.7 

37.5 

.7 

33.  4 

8.7 

80.2 

6.9 

11.4 

1.5 

18.3 

22.1 

2.  1 

25.5 

32.0 

57.6 

17.5 

1.4 

18.7 

4.8 

61.1 

1.2 

20.  7 

11.0 

71.1 

.3 

1.4 

18.0 

9.2 

v59.7 

3.3 

1.3 

32.0 

3.7 

74.3 

18.4 

7.3 

69.4 

1.4 

1.2 

18.2 

9.8 

61.0 

2.3 

1.4 

28.4 

6.9 

64.4 

29.5 

6.1 

26.6 

56.5 

16.9 

87.2 

12.8 

24.7 

39.1 

36.2 

62.  6 

1.6 

1.1 

27.  1 

7.3 

67.1 

3.5 

1.2 

25.  9 

2.3 

84.0 

.8 

11.5 

3.7 

67.3 

4.3 

1.0 

25.  5 

1.9 

90.  4 

1.3 

7.0 

1.3 

71.9 

3.4 

1.4 

17.8 

5.5 

60.2 

5.3 

.6 

27.4 

6.5 

80.3 

1.1 

9.  6 

9.0 

21.6 

11.5 

51.5 

12.8 

100.  0 

6.1 

3.5 

58.2 

64.  1 

4.2 

.9 

24.  2 

6.3 

65.7 

13.  8 

0 

10.  8 

3.2 

77.0 

7.3 

1.0 

12.0 

2.1 

51.3 

22.  5 

1.6 

21.  3 

3.3 

93.5 

2.4 

1.2 

2.  9 

70.3 

1.4 

10.  5 

2.8 

58.9 

15.9 

.3 

20.  8 

4.  1 

78.5 

11.3 

6.0 

4.  2 

44.0 

23.  8 

8 

18.1 

13.  3 

66.  1 

13.1 

20.8 

16.3 

29  S 

14.3 

62.8 

15.7 

.9 

17.2 

3.4 

60.  9 

25.9 

2.  1 

7.7 

3.4 

76.  3 

!  2.  5 

1.0 

7.7 

3.  1 

47.5 

38.8 

3  0 

8.6 

1.5 

64.  6 

21.1 

4.0 

2.5 

7.8 

58.7 

30.9 

l  8 

0.2 

2.  1 

37.6 

40.  .', 

!.  1 

10.4 

4.4 

51.9 

20.4 

8.0 

5.8 

13.9 

8.4 

05.  1 

.  1 

23.  S 

2.0 

82.7 

11.  1 

27.3 

34.  5 

25.  3 

46.  1 

38  1 

2.2 

9.9 

3.  1 

Art-fmscK!  TnuUi'ina  North  Dakota.  Oklahoma,  South  Dakota,  and  Wisconsin.  

2  These,  numb °rs«UtIorsH|htl^m  those  shown  in  tables  8  and  9  because  this  table  includes  36,096  persons  for  whom 


occupation  was  reported,  but  both  tin-  method  of  transpor 

3  Includes  farmers  and  farm  managers  requiring  liome-to-work  travel. 


tation  and  the  mileage  to  work  were  "»t  reported. 
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,:,  I 


ALL  RURAL  ROADS 
OUT  OF  STATE 

6.3% 


ALL    RESIDENTS 


STREETS     IN 
INCORPORATED    PLACES 
OUT   OF    STATE 
1.4* 


RESIDENTS     OF 
INCORPORATED    PLACES 
61.1% 


RESIDENTS     OF 
UNINCORPORATED    AREAS 
38.9% 


■' 


Figure  11. — Passenger-car  travel  classified  by  place  of  travel  and  by  residence  of  operator;  summer  of  1951,  four  States. 


Table  11. — Distribution  of  passenger-car  travel  classified  by  place  of  travel  and  by  residence 
of  principal  operator;  summer  of  1951,  four  States  ' 


Place  of  travel 

Distribution  of  passenger-ear  travel  by  place  of  travel,  according  to 
residence  of  principal  operator 

All 
popu- 
lation 
groups 

Unin- 
corpo- 
rated 
areas 

Incorporated  places  with  population  of — 

All 
places 

Under 
5,000 

5,000- 
24,999 

25,000- 
99,999 

4, 

100,000 
and  over 

All  travel: 

Unincorporated  areas: 

Primary  highways 

Pet. 
54.2 
17.1 

Pet. 
52.9 
32.4 

Pet. 

55.1 
7.3 

62.4 
37.6 

100.0 

47.3 
7.1 

54.4 
35.7 

Pet. 
65.5 
13.3 

78.  8 

21.2 

100.0 

59.2 
13.0 

Pet. 
62.8 
7.5 

70.3 
29.7 

Pet. 

55.1 

5.0 

Pet. 

37.9 

3.2 

Other  rural  roads _ 

Subtotal.. 

71.3 
28.7 

100.0 

48.1 
16.9 

65.0 
27.3 

92.3 

6.1 
.2 

85.3 
14.7 

100.0 

49.4 
32.3 

81.7 
14.2 

95.9 

3.5 

.1 

3.6 

.5 

4.1 

60.1 
39.9 

41.1 
58.9 

Incorporated  places 

Total 

100.0 

52.8 
0.9 

100.0 

45.0     ~ 
4.9 

49.9 
37.3 

87.2 

10.1 
.1 

in  2 
2.6 

100.0 

32.6 
3.1 

In  State  of  residence: 
1      neorporated  areas: 

Primary  highways .  . 

Other  rural  roads 

Subtotal 

72.2 
20.5 

92.7 

6.3 
.3 

6.6 

.  7 

7.3 

59.7 
26.0 

35.7 

58.1 

Incorporated  places  .... 

Total 

90.1 

7.8 
.2 

8.0 
19 

9.9 

85.7 

10.0 
.6 

93.8 

5.3 
.1 

5.4 
.8 

6.2 

Outside  State  of  residence: 
Unincorporated  areas: 
Primary  highways.  . 

Other  rural  roads 

Subtotal... 

6.3 

1.4 

7.7 

in  6 
3.7 

Incorporated  plao 

Total.... 

14.3 

12.8 

— ■ _____^__ 

: 
incorporated  places  were  very  similar.     Tli  ,.. 

distribution  for  unincorporated  areas  varie 

more  widely  because  of  the  large  number  <: 

farmers  and  farm  managers,  who  owned 

percent  of  all  cars  but  drove  only  39  percei 

of  the  total  travel. 

From   figure    14  it   may   be  deduced  tha 

where  the  bars  indicating  percentage  of  trav    feri 

and  percentage  of  vehicles  in  use  are  of  equ 

length,  the  vehicle  operators  drove  about  th 

average  miles  for  the  entire  sample;  where  th 

travel  bar  is  the  shorter  of  two,  the  amoun 

of  travel  was  less  than  the  average;  and  wher 

the  travel  bar  is  the  longer,  the  amount  o 

travel  was  above  the  average.     Since  the  dat   R 

in  this  report  are  based  primarily  on  studi 

covering  only  one  season  of  the  year,  figure 

on    the   average    annual    miles   traveled    pe 

vehicle  are  omitted 


'  Arkansas,  Louisiana,  Oklahoma,  and  Wisconsin. 
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AUTOMOBILE  TRIP-LENGTH 
CHARACTERISTICS 

Automobile  trips  were  found  to  be  pre 
dominantiy  short-distance  travel,  that  is 
trips  having  one-way  trip  length  of  less  thai 
five  miles.     The  trip-length  analyses  of  th< 
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—•iginal  road-use  studies,*  which  excluded 
iose  trips  entirely  within  incorporated  places, 
lowed  that  about  38  percent  of  the  trips 
ere  under  5  miles  in  length.  As  indicated 
figure  15  and  table  14,  the  present  studies, 
hich  include  trips  entirely  within  the  incor- 
jrated  places,  show  that  62  percent  of  all 
issenger-car  trips  were  less  than  5  miles  in 
ngth;  81  percent  were  less  than  10  miles  in 
ngth.  The  average  length  of  all  trips  in 
lese  four  States  was  8.3  miles. 
While  distributions  of  travel  by  trip  length 
ere  not  developed  for  all  the  States  in  the 
irly  analyses  of  the  motor-vehicle-use  data, 
i  two  States — Louisiana  and  Oklahoma — 
pproximately  13  percent  of  the  passenger-car 
•avel  was  found  to  result  from  the  large 
umber  of  trips  of  less  than  5  miles  in  length, 
.lmost  one-half  of  the  travel  resulted  from 
rips  30  miles  or  greater  in  length.  This  in- 
ormation  is  shown  in  table  15. 

Mstribution   by   Place   of  Residence 

It  may  be  seen  in  figure  15  that  the  short 
>assenger-car  trips  predominate  in  all  popula- 
ion  groups.  The  residents  of  unincorporated 
.reas  performed  a  slightly  lesser  proportion 
>f  their  trips  in  the  under-5-mile-length  cate- 
;ory,  but  they  still  accounted  for  48  percent 
if  the  total.  The  highest  percentage  of  trips 
a  the  second  category,  5—9  miles  in  length, 
ras  performed  by  the  residents  of  the  unin- 
;orporated  areas.  All  of  the  places  of  resi- 
lence  showed  nearly  the  same  proportion — 
rom  76  to  88  percent — for  all  passenger-car 
rips  of  less  than  10  miles  in  length.  Each  of 
he  four  States  reporting  data  showed  a  high 
legree  of  similarity  in  the  trip-length  fre- 
Hiency  distribution. 

Generally,  the  average  length  of  automobile 
rips  made  by  residents  of  the  rural  areas  was 
jilightly  greater  than  for  residents  of  incor- 
porated places:  9.0  miles  for  unincorporated 

I  ind  7.9  miles  for  incorporated  places. 

;    Among  the  four  States,  the  average  length 

II  )f  passenger-car  trip  for  all  population  groups 
combined  ranged  from  7.9  miles  in  Wisconsin 
,;o  9.3  miles  in  Louisiana. 


distribution  by  Occupational  Group 

|  Occupational-group  characteristics  were  ob- 
tained for  passenger-car  trips,  and  are  shown 
(in  figure  16  and  table  16.  A  predominant 
occurrence  of  the  short  trip  is  noted  in  each 
^occupational  group;  this  is  similar  to  the 
frequency  of  short  trips  observed  for  residents 
pf  the  various  population  groups.  Farmers 
.and  farm  managers  and  traveling  salesmen 
and  agents  had  the  lowest  proportion  of  trips 
'under  5  miles — although  they  still  made  50 
to  60  percent  of  their  trips  in  this  length 
category.  Farmers  had  somewhat  more  trips 
than  other  occupations  in  the  5-9-mile-length 
group  so  that  each  of  the  occupational  groups 
had  about  the  same  percentage  of  trips  of 
less  than  10  miles.  The  traveling  salesmen 
and  agents  reported  a  slightly  greater  propor- 

1  *  Preliminary  results  of  road-use  studies,  by  R.  H.  Paddock 
and  R.  P.  Rodgers.  Public  Roads,  vol.  20,  No.  3,  May 
'1939,  p.  49. 
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Figure  12. — Proportion  of  total  passenger-car  travel  in  incor- 
porated places  by  residents  of  the  State  resulting  from  trips 
confined  entirely  within  these  places;  summer  of  1951,  four 
States. 


tion  of  the  longer  trips  than  did  other  occupa- 
tions. It  should  be  noted  that  the  occupa- 
tional breakdown  includes  all  trips  made  in 
vehicles  classified  according  to  the  occupation 
of  the  principal  operator  and,  of  course, 
includes  the  trips  made  in  that  vehicle  when 
other  members  of  the  family  were  driving. 
For  example,  if  a  farmer's  wife  uses  a  car  of 
which  he  is  the  principal  operator,  such  trips 
are  included  in  those  of  the  farmer  and  farm 
manager  group. 

The  average  trip  length  in  the  various 
occupational  classifications  varied  from  7.6 
miles  for  store  and  office  clerks  and  salesmen, 
personal-service  workers,  and  protective-serv- 
ice workers  to  12.2  miles  for  traveling  salesmen 
and  agents.  As  already  indicated,  the  aver- 
age trip  length  for  all  occupations  combined 
was  8.3  miles. 

The  occupational  group  which  reported  the 
largest  number  of  trips,  21  percent  of  the 
total,  was  that  including  operatives  and  semi- 
skilled and  unskilled  laborers.  It  is  not 
surprising  to  note  also  that  this  group  owned 
20  percent  of  all  cars.  The  next  largest 
number  of  trips  was  reported  by  craftsmen, 
foremen,  and  skilled  laborers,  where  18  per- 
cent were  so  reported;  this  occupational  group 
owned  17  percent  of  all  the  cars. 

Farmers  and  farm  managers  reported  16 
percent  of  all  the  trips  and  owned  20  percent 
of  all  the  cars.     Here  the  range  among  the 


States  was  much  wider — -from  8  percent  in 
Louisiana  to  22  percent  in  Wisconsin.  These 
percentages  are  in  the  same  ratio  as  the  range 
in  the  reported  car  ownership  among  the  four 
States. 

Generally,  it  may  be  said  that  the  per- 
centage of  trips  in  each  occupational  group 
was  closely  related  to  the  percentage  of  auto- 
mobiles in  these  same  groups.  The  higher- 
salaried  workers  and  traveling  salesmen  and 
agents  reported  more  than  the  average  num- 
ber of  trips  per  car  and  the  farmers  and  farm 
managers  less  than  the  average  number. 


Table  12. — Distribution  of  passenger-car 
travel  in  incorporated  places  by  residents 
of  the  State,  resulting  from  trips  confined 
entirely  within  these  places,  classified  by 
place  of  travel  and  State;  summer  of 
1951,  four  States  > 


Place  of  travel 

Four 
States 

Ar- 
kan- 
sas 

Lou- 
isiana 
ana 

Okla- 
homa 

Wis- 
con- 
sin 

Under  5,000 

5,000-24,999 

25,000-99,999-. .. 
100,000  and  over 

All  places.. 

Pet. 
18 

in 
04 
75 

53 

Pet. 
16 
43 

77 
82 

55 

Pet. 
23 
46 
65 
69 

57 

Pet. 

17 
41 
75 
80 

60 

Pet. 
17 
36 
60 
76 

48 

1  Arkansas,  Louisiana'Oklahoma,  and  Wisconsin. 
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PERSONAL 
SERVICE 
WORKERS 

1.1% 


PROTECTIVE 
SERVICES 
1.5% 


HOUSEWIVES 
3.5% 


TRAVELING    SALESMEN, 
MISCELLANEOUS         AGENTS    ETC. 
4.4%  46% 


STORE    8   OFFICE 
CLERKS    100% 


PROFESSIONALS    a 
SEMIPROFESSIONALS    10.25 


9    <9 


PROPRIETORS,   MANAGERS, 
a    OFFICIALS 
10.8% 


FARMERS   a   FARM 
MANAGERS -15.4% 


ALL     RURAL     ROAOS 

OUT    OF   STATE 

6.5% 


ALL    OCCUPATIONS 


STREETS    IN    INCORPORATED 
PLACES    OUT    OF   STATE 
j 1.4% 


CRAFTSMEN,   FOREMEN, 

a   SKILLED   LABOR 

18.0% 


OPERATIVES,   SEMISKILLED, 
a   UNSKILLED    LABOR 
205% 


Figure  13.— Passenger-car  travel  classified  by  place  of  travel  and  by  occupation  of  principal  operator;  summer  of  1951,  four  States' 


Table  13.-Distribution  of  passenger-car  travel  classified  by  place  of  travel  ami  by  occupation  of  principal  operator;  summer  of  IS 

four  States  ' 


il  travel 


All  travel: 

Jn  unincorporated  areas: 
Primary  highways. . 
Other  rural  roads... 


Subtotal.... 
In  incorporated  places 


Total 

In  State  of  residence: 

In  unincorporated  areas: 
Primary  highways .. 
Other  rural  roads 


Subtotal    . 
In  incorporated  places 


Total. 


Outside  Stale  of  residence: 
In  unincorporated  areas: 
Primary  higl 

Other  rural  - 


Subtoi 
In  incorporated  places 


Total. 


Distribution  of  passenger-car  travel  by  place  of  travel,  according  to  occupation  of  principal  operator 


All 
occu- 
pations 


Pet. 

.54.2 
17.1 

71.3 

28.7 

100.0 


48.1 
16.9 


65.0 
27.3 


92.3 


6.1 
.2 


6.  3 
1.4 


Profes- 
sionals 

and 
semipro- 

fessionals 


Pet. 
61.0 

10.1 

71.1 
28.9 

100  0 


52.2 
9.3 


61.5 
27.6 


89.  1 


9.6 
1.3 


Proprie- 
tors, man- 
agers, 
and 
officials 


Pet. 
55.9 


65.7 
34.3 


100.0 


16  .' 
9.7 


55.  9 
32.9 


ss    s 


9.7 
.1 


9.8 
1.4 


11.2 


Farmers 
and 
farm 
man- 
agers 


Pet. 
49.9 
36.8 


86.7 
13.3 


100.0 


48.2 
36.5 


84.7 
12.8 


97.  .5 


1.7 
.3 


2.0 
.5 


2.  5 


Store 
and 
office 
clerks, 
sales- 
men 


Pet. 
52.0 
12.0 

64.0 
36.0 

100.0 


42.8 
11.9 


54.7 
33.8 


9.2 
.  1 


9.3 
2.2 


11.5 


ouisiana.  Oklahoma,  and  Wisconsin 
Miscellaneous  includes  retired  persons,  occupations  not  otherwise  classified,  and  occupations  not  reported. 


Travel- 
ing 
sales- 
men, 
agents, 
etc. 


Pet. 
56.8 
10.3 

67.1 
32.9 

100.0 


53.0 
10.3 


63.3 
31.6 


'Jt.il 


3.8 


3.8 
1.3 


Crafts- 
men, 
foremen, 
skilled 
laborers, 
etc. 


Pet. 
54.5 
13.0 

67.5 
32.5 

100.0 


49.0 
12.9 


61.9 
31.4 


13    ! 


5.5 
.  1 


5.6 

1.  1 


Oper- 
atives, 

semi- 
skilled 
and  un- 
skilled 
workers, 

and 
laborers 


Pro- 
tective 
services 


Pet. 
53.1 
18.9 

72.0 
28.0 

inn  ii 


46.0 
18.8 


64  8 
26.2 


91.0 


Pet. 


7.2 
1.8 


9.0 


Per- 
sonal- 
service 
workers 


51.6 
9.9 

61.5 

38.5 

100.0 

47.9 

9.9 

57.8 

36.5 

94.3 

3.7 

3.7 

2.0 

5.  7 

Pet. 
53.1 
15.3 

68.4 
31.6 

100.0 


48.8 
15.0 


63.8 
28.8 


92.6 


4.3 
.3 


4.6 
2.8 


7.4 


House- 
wives 


Pet. 

56.8 
14.0 

70.8 
29.2 

100.0 


52.0 
13.6 


65.6 
26.9 


92.5 


4.8 


5.2 
2.3 


7.5 


Miscel- 
laneous 


Pet. 

55.1 
14.2 

69.3 
30.7 

100.0 


53.3 
13.8 


67.1 
30.2 


97.3 


1.8 
.4 


2.2 
.5 
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Ugnre  14. — Passenger  cars  in  use  and  passenger-car  travel,  classified  by  occupation  for  each  place  of  residence  of  principal  operator; 
)fJ  summer  of  1951 ,  four  States. 
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Distribution  by  Purpose  of  Trip 

The  following  discussion  relates  trip-length 
requency  to  purpose  of  travel.  A  more  com- 
pete discussion  of  purpose  of  travel  as  related 
,o  amount  of  travel  by  occupation  and  resi- 
lence  of  the  principal  operator  is  given  in  the 
lection  of  the  report  following  this  discussion. 

The  trip-length  frequency  distribution  for 
purposes  other  than  vacation  trips  and  to  a 
esser  extent  trips  for  medical  and  dental 
jurposes  was  very  similar,  with  a  high 
requency  of  short-length  trips.  This  informa- 
-ion  may  be  seen  in  figure  17  and  table  17. 

Vacation  trips  are,  of  course,  predominantly 
n  the  longest-length  group  of  100  miles  or 
nore.  This  length  group  includes  about  69 
>ercent  of  the  vacation  trips.  In  respect  to 
/acation  trips,  it  is  somewhat  odd  to  note  that 
me-tenth  of  the  trips  for  this  purpose  were 
ound  to  be  under  5  miles  in  length.  This  is 
irobably  caused  largely  by  the  number  of 
jeople  residing  close  to  the  place  where  they 
tpend  their  vacation. 

Trips  for  medical  and  dental  purposes,  while 
ollowing  generally  the  trip-length  distribution 
)f  purposes  other  than  vacation  trips,  have 
)roportionately  greater  percentages  of  trips 
n  the  several  length  groups  above  5  miles, 
ilthough  42  percent  of  these  trips  were  in  the 
mder-5-mile   group.      This,    of   course,    is   a 
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result    of    the    increasing    centralization    of 
medical  services  in  the  larger  places. 

Shopping  trips  exhibited  the  greatest  pro- 
portion of  short-length  trips  (under  5  miles), 
76  percent,  as  compared  with  74  percent  for 
educational,  civic,  and  religious  trips,  68  per- 
cent for  work  trips,  and  about  50  percent  for 
each  of  the  remaining  purposes  other  than 
vacation  trips  and  medical  and  dental  trips. 


PURPOSE  OF  AUTOMOBILE  TRAVEL 

The  purpose  for  which  the  travel  was  per- 
formed is  considered  an  important  character- 
istic of  any  travel-habit  study.  In  this  report, 
purpose  of  travel  is  limited  to  passenger-car 
travel  since  most  of  the  truck  travel  is  per- 
formed for  business  purposes.  All  travel  in 
passenger  cars  was  classified  according  to  the 
purpose  for  which  the  vehicle  trip  was  made. 
For  example,  if  the  vehicle  was  being  used  to 
carry  a  passenger  to  work,  the  trip  was 
classified  as  a  work  trip  rather  than  a  trip  to 
serve  a  passenger,  as  would  be  done  in  most 
urban  origin-and-destination  studies.  In  this 
study,  serving  a  passenger  is  considered  only 
an  incidental  purpose  and  not  the  reason  for 
which  the  vehicle  is  used.  Also,  returning 
home  is  not  considered  as  a  separate  trip 
purpose  in  these  studies.     The  return-home 


portion  of  the  trip  is  classified  according  to  the 
purpose  of  the  outbound  portion  of  the  trip  or, 
in  the  case  of  a  round-trip  involving  three  or 
more  principal  segments,  the  return-home 
portion  is  classified  according  to  the  major 
purpose  involved  for  all  segments. 

Distribution  of  Trips  and  Travel  by 
Purpose 

f  The  distribution  of  the  number  of  trips  and 
the  amount  oftravel  according  to  trip  purpose 
is  shown  in  figure  18  and  table  18.  Roughly 
two-thirds  of  the  total  travel — 73  percent  of 
the  trips'and  60  percent  of  the  vehicle-miles — 
was  "necessity"  travel,  that  is,  travel  made  in 
connection  with  earning  a  living  and  for  family 
business;  and  of  the  necessity  travel  itself 
about  three-fourths  of  the  vehicle-miles  and 
two-thirds  of  the  trips  were  made  in  connec- 
tion with  earning  a  living.  One-half  of  the 
vehicle-miles  of  travel  and  two-thirds  of  the 
trips  made  in  connection  with  earning  a  living 
resulted  from  travel  to  and  from  work. 

About  5  percent  of  the  trips  and  3  percent  of 
the  travel  was  for  educational,  civic,  and 
religious  purposes.  The  remainder,  about  one- 
fourth  of  the  trips  and  slightly  over  one-third 
of  the  travel,  was  made  for  social  and  recrea- 
tional purposes. 
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(AVERAGE    LENGTH  -  9  0    MILES) 
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20 
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(AVERAGE    LENGTH  -  9  0    MILES) 


:    8 
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(AVERAGE    LENGTH  -79    MILES) 
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5,000   TO   24,999 

(AVERAGE    LENGTH   -   77    MILES) 


ALL    PLACES 

(AVERAGE    LENGTH  -8  3   MILES) 


INCORPORATED     PLACES 
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(AVERAGE    LENGTH-    7*     MILES) 


Si    8 


INCORPORATED    PLACES 
00,000   a   OVER 

(AVERAGE     LENGTH  -76    MILES) 


ONE-WAY    TRIP    LENGTH  -  MILES 


Figure  15. — Passenger-car  trips  classified  by  trip  length  and  by  residence  of  principal  operator;  summer  of  1951,  four  States. 


The  average  trip  length  for  each  purpose 
is  shown  at  the  top  of  the  bars  in  figure  18. 
As  noted  previously,  the  shopping  trip  was 
the  shortest  trip  and  the  vacation  trip  was  by 
far  the  longest.  The  distributions  of  travel 
in  each  of  the  four  States  were  very  similar 
for  all  the  principal  purposes.  The  only 
differences  of  any  magnitude  occurred  in  the 
distribution  between  pleasure  rides  and 
"other"  under  the  social  and  recreational 
purpose  classification.  Two  of  the  States 
showed   a   low   percentage   of  pleasure   rides 


and  a  high  percentage  of  "other"  while  the 
other  two  States  showed  the  reverse.  This 
was  the  result  of  differences  in  the  inter- 
pretation placed  by  the  States  on  the  definition 
of  a  "pleasure  ride". 

Relation  of  Travel  Purpose  to  Resi- 
dence and  Occupation  of  Operator 

As  shown  in  figure  19  and  table  19,  the 
distribution  of  passenger-car  travel  by  trip 
purpose  was  generally  similar  for  each  popula- 


tion group  of  residence.  For  example,  each 
group,  with  one  exception,  performed  about 
45  percent  of  their  total  automobile  travel  in 
connection  with  earning  a  living.  The  only 
deviation  occurred  in  the  places  having  a 
population  of  25,000-99,999  in  which  34 
percent  of  the  travel  was  for  earning  a  living. 
This  population  group  had  a  correspondingly 
high  percentage  of  travel  (50  percent)  for 
social  and  recreational  purposes. 

Family    business   accounted   for   a   greater 
proportion  of  the  total  travel  by  residents  oi 


Table  14. — Distribution  of  passenger-car  trips  classified  by  one- 
way trip  length  and  by  residence  of  principal  operator;  summer 
of  1951,  four  States  > 


One-way  trip 
length 

Distribution  of  passenger-car  trips  by  trip  length,  according  to  residence 
of  principal  operator 

All  places 

Unincor- 
porated 

areas 

Incorporated  places  with  population  of— 

Total 

Under 
5,000 

5,000- 
24,  999 

25, 000- 
99, 999 

100, 000 
and  over 

Miles 

Under  5 

5-9 

Pet. 

61.7 

18.9 

6.9 

4.2 

3.2 

1.8 

1.0 

1.5 

.8 

100.0 

Pet. 

48.0 

27.3 

9.6 

5.6 

4.5 

2.2 

1.0 

1.3 

.5 

100.0 

Pet. 
69.3 

14.  2 
5.5 
3.2 
2.5 
1.7 
1.0 
1.6 
1.0 

100.0 

Pet. 
62.3 
13.9 
8.0 
6.2 
3.5 
1.6 
1.7 
1.7 
1.1 

100.0 

Pet. 

75.9 
8.8 
3.3 
4.1 
1.8 
1.9 
1.0 
1.9 
1.3 

100.0 

Pet. 

76.4 

11.4 

4.4 

1.3 

2.2 

1.5 

.0 

1.1 

1.1 

100.0 

Pet. 

63.0 

21.6 

0.  1 

2.1 

2.5 

1.6 

.7 

1.6 

.8 

100.0 

10-14 
15-19 
20-29 
30-39 

40-49 

50-rt' 

100  and  over. 
AU  trips. 

A  per  a g e 
length, 
miles 

8.S 

9.0 

7.9 

9.0 

7.7 

7.4 

7.6 

Table  Id. — Distribution  of  passenger-car  travel  classified  by  one« 
way  trip  length  and  by  residence  of  principal  operator;  summei 
of  1951,  two  States  » 


Arkansas,  Louisiana,  Oklahoma,  and  Wisconsin. 


One-way  trip 
length 

Distribution  of  passenger-car  travel  by  trip  length,  according  to  residence 
of  principal  operator 

All  places 

Unincor- 
porated 
areas 

Incorporated  places  with  population  of — 

Total 

Under 
5,000 

5,000- 
24,  999 

25,000- 
99,  999 

100, 000 
and  over 

Miles 

Under  5 

5-9 

Pet. 
53.4 

14.2 
7.9 
9.5 

10.0 
7.6 
4.3 

13.9 

19.2 

Pa. 

9.6 
15.7 

9.4 
11.1 
13.9 

9.8 

5.1 
11.3 
14.1 

100.0 

Pet. 
15.8 
13.3 
7.0 
8.5 
7.5 
6.1 
3.7 
15.6 
22.5 

Pet. 
8.3 
9.7 
6.7 

11.3 
9.1 
7.2 
3.1 

14.9 

29.7 

100.0 

Pet. 

14.2 
8.2 
5.4 

15.5 
6.6 
5.6 
6.1 

15.5 

22.9 

100.0 

Pet. 

20.8 
10.0 
5.5 
2.7 
7.5 
10.9 
5.6 
18.5 
18.5 

Pet. 

21.7 

20.5 

8.8 

3.0 

6.9 

4.3 

1.9 

15.3 

17.6 

10-14. 

15-19 

20-29 

30-39 

40-49 

50-99 

100 and  over. 

All  trav- 
el.... 

100.0 

100.0 

100.0 

100.0 

1  Louisiana 

and  Oklah 

jma. 
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Table  ^.-Distribution  of  passenger-car  trips  classified  by  one-way  trip  length  and  by  occupation  of  principal  operator;  summer  of  19! 

four  States  ! 


Distribution  of  p 


issenger-car  trips  by  trip  length  and  occupation  of  principal  operator 


All  oecu- 


Prohs- 
sionals 

and 
semipro- 
fcssionals 


etors, 

managers, 

ana 

officials 


Fai  mei  s 
and 

farm 
managers 


store 

and 

office 

clerks, 
salesmen 


Travi  ling 

salesmen, 

agents, 

etc. 


Crafts- 
men, 
foremen, 
skilled 

laborers, 
etc. 


Opera- 
tives, 

semi- 
skilled 
and  un- 
skilled 
workers, 

and 
laborers 


Protective 
services 


Personal 
service 
workers 


House- 
wives 


Miscel- 
laneous J 


Distribution-  nv  One-Way  Trip  Lenoth 


Miles 

i  rndei  5 

-   . 
10-14 
15-19  ....- 

20  -29   
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50-99 

100  and  over 


All  trips. 


Average  length,  miles.. 


Pet. 
61.7 

4.2 
3.  2 
1.8 

l  i> 


100.0 


8.3 


Pet. 
G3.  3 
16  I 
: 
3  - 
3.  2 
2.2 
1.3 
1.9 
1.6 


Pel. 

15.3 
5.3 

2.  6 
1.3 
1.0 
2.0 
1.  1 


Kill  II 


10.4 


loo.  o 


7.8 


Pet. 
51.0 

21',,  l, 
10.0 
4.5 
4.0 
1.9 
.8 
1.0 
.2 


100.0 


7.9 


Pet. 
67.  5 
16.  0 

5.  0 
4.0 
2.  C 
1.8 
9 
1.3 
.9 


100.0 


7.6 


Pel. 
58  8 
13.  f! 
7.9 
4.5 
5.3 
3.0 
1.4 
3.3 
2.2 


100.0 


Pet. 
62.  8 
18.2 

r,.  .r> 

4.  1 
3.2 
1.9 

.8 
1.8 

.9 


100.0 


Pet. 

59.5 
20.1 
7.4 
5.1 
3.2 
1.8 
1.0 
1.3 
.0 


100.0 


8.S 


Pd. 

01.0 

20.4 

7.4 

4.0 

3.4 

.8 

.8 

.6 

1.6 


100.0 


7.6 


Pet. 

67.6 

14.2 

6.8 

3.4 

3.1 

1.4 

1.8 

.9 


100.0 


7.6 


Pet. 
66.0 
18.6 
4.4 
2.4 
2.7 
1.7 
1.9 
1.3 
1.0 


100.0 


8.0 


Pet. 

67.9 

13.5 

7.2 

4.6 

2.3 

2.1 

.3 

1.2 


100.0 


7.5 


Distribution  of  Trips  by  Occupation 


Arkansas... 
Louisiana.. 
Oklahoma. 
Wisconsin- 


Four  States  combined. 


100.  o 

Kill.  0 
100.  (I 
100.0 

100.0 


11.2 
10.4 
7.7 
ti.  7 

8.1 


15.4 
12.8 
9.7 
11.0 

11.6 


11.2 
8.2 
12.1 
22.4 

16.3 


11.5 
12.  5 
17.  3 
7.3 

10.9 


1.9 
2.7 
4.5 
3.0 

3.1 


17.2 
20.0 
15.  VI 
18.6 

18.1 


19.0 
19.8 
19.3 
21.8 

20.6 


1.9 
2.1 

2.7 
.9 

1.6 


1.0 
1.7 
1.1 
1.1 

1.2 


4.0 
4.8 
3.5 
3.3 

3.7 


5.7 
5.0 
6.2 
3.9 

4.8 


1  Arkansas,  Louisiana,  Oklahoma,  and  Wisconsin. 

I  Includes  retired  persons,  occupations  not  otherwise  classified,  and  occupations  not  reported. 


Figure  17.— Passenger -car  trips  classified  by  trip  length  antl  by  major  purpose  of  trip;  summer  of  1951,  four  States. 
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able  17. — Distribution  of  passenger-car  trips  classified  by  trip  length  and  by  purpose  of 
trip;  summer  of  1951,  four  States  1 


One-way  trip  length 


Distribution  of  passenger-car  trips  by  trip  length  and  purpose 


All  pur- 
poses 


Earning  a  living 


To  and 
from 
work 


Related 
business 


Family  business 


Medical 

and 
dental 


Shop- 
ping 


Other 


Educa- 
tional, 
civic, 
religious 


Social  and  recreational 


Vaca- 
tions 


Pleasure 
rides 


Other 


Purpose  by  Trip  Length 


Miles 

Under  5 

5-9.. 

10-14 

15-19 

20-29 -._. 

30-39... 

40-49 

50-99 

100  and  over 

All  trips 


Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

61.7 

67.6 

51.  G 

42.3 

76.1 

66.5 

73.5 

10.7 

50.  3 

18.9 

17.4 

21.2 

18.1 

16.7 

17.4 

17.4 

1.3 

22.8 

6.9 

5.5 

9.7 

5.3 

3.3 

6.7 

4.0 

1.5 

9.1 

4.2 

3.8 

5.6 

12.0 

1.9 

3.3 

1.8 

3.8 

4.6 

3.2 

2.4 

4.6 

9.0 

1.1 

2.1 

2.0 

1.9 

4.4 

1.8 

1.3 

2.5 

3.9 

.6 

1.7 

.3 

4.8 

2.7 

1.0 
1.5 

.8 
.9 

1.6 
2.1 

1.3 

7.0 

.2 
.1 

.8 
1.0 

.3 

.4 

1.2 

2.8 

7.1 

.8 

.3 

1.1 

1.1 

.5 

.3 

68.9 

2.1 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

Pet. 

48.7 

20.8 

10.5 

5.  7 

5.3 

3.4 

1.6 

2.7 

1.3 


100.0 


Trip  Length  bv  Purpose 


Under  5 

5-9 

10-14 

15-19 

20-29 _. 

30-39. 

40-49.. 

50-99 

100  and  over- 
All  trips. 


lim. (i 

100.0 
100.0 
100.  0 
Hill.  [I 
100.0 
100.0 
100.0 
100.0 

100.0 


35.4 
29.7 
25.5 
30.0 
24.1 
23.2 
26.8 
18.7 
9.3 

32.2 


14.2 
19.1 
23.7 
22.7 
24.1 
22.6 
28.5 
24.2 
23.0 

17.0 


.9 
1.3 
1.0 
3.9 
3.7 
2.8 
1.8 
6.3 
1.8 

1.3 


16.5 
11.8 
6.4 
6.3 
4.5 
4.1 
2.1 
1.3 
.7 

13.4 


9.4 
8.1 
8.5 
7.0 
5.6 
7.9 
7.0 
5.7 
5.6 

8.7 


5.5 
4.3 
2.7 
2.0 
2.9 
.7 
1.2 
1.4 
2.0 

4.6 


.2 
.1 

.5 


14.5 
.2 


7.4 
10.9 
11.8 
10.0 
12.4 
13.4 
10.8 
17.0 
23.1 

9.0 


10.7 
14.  S 
20.4 
17.9 
22.6 
24.8 
21.8 
24.5 
20.0 

13.6 


Table  18. — Distribution  of  passenger-car 
trips  and  travel  classified  by  purpose  of 
trip;  summer  of  1951,  four  States  1 


Purpose  of  trip 

Distribution 
of— 

Aver- 
age 
trip 

length 

Trips 

Vehicle 
miles 

Earning  a  living: 

To  and  from  work 

Related  business 

Subtotal... 

Pet. 
32.2 
17.0 

Pet. 
22.7 
21.3 

Miles 
5.9 

10.4 

49.2 

1.3 

13.4 
8.7 

44.0 

2.5 
0.0 
7.3 

7.4 

15.  5 
3.7 
6.9 

Family  business: 

Medical  and  dental 

Shopping 

Other 

Subtotal 

23.4 

4.6 

.2 
9.0 
13.6 

15.8 

2.8 

4.8 
14.1 
18.5 

5.6 

5.0 

249.7 
13.0 
11.4 

Education,   civic,   and  re- 
ligious      .      

Social  and  recreational: 
Vacations 

Other 

Subtotal 

22.8 

37.4 

13.7 

All  purposes 

100.0 

100.0 

8.3 

1  Arkansas,  Louisiana,  Oklahoma,  and  Wisconsin. 


i  Arkansas,  Louisiana,  Oklahoma,  and  Wisconsin. 


5.9    Ml     AV 


TRIPS 


LEGEND 


FIGURES    ABOVE   BARS    INDICATE    AVERAGE 
TRIP   LENGTH    FOR    THAT   PURPOSE. 
AVERAGE     TRIP    LENGTH     FOR     ALL 
PURPOSES  -  8.3    MILES 


fc_ 


EDUCATIONAL, 
CIVIC,    a 
RELIGIOUS 


TRIP    PURPOSE 


5  0    Ml     AV  249.7   Ml    AV. 


Figure  18.— Passenger-car  trips  and  travel  classified  by  major  purpose  of  trip;  summer  of  1951,  four  States. 
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ALL  PLACES 


INCORPORATED 

PLACES 

61.1% 


UNINCORPORATED 

AREAS 

38.9% 


INCORPORATED    PLACES 


MEOICAL    a    DENTAL 
2.5% 


UNDER   5,000 
161% 


5,000   TO  24,999 
14.9% 


25,000   TO   99,999 
13.7% 


OVER    100,000 
16.4% 


ijure 


Figure  19. — Passenger-car  travel  classified  by  major  purpose  of  travel  and  by  residence  of  principal  operator;  summer  of  1951,  four  State 


ip- 


unincorporated  areas  (21  percent)  than  it 
did  for  residents  of  incorporated  places  (12 
percent).  On  the  other  hand,  a  higher 
proportion  of  travel  for  social  and  recreational 
purposes  was  found  for  the  residents  of  incor- 
porated places  (43  percent)  than  of  unin- 
corporated areas  (29  percent) . 

The  distribution  of  passenger-car  travel 
by  purpose  of  travel,  classified  by  the  occupa- 
tion of  the  principal  operator,  as  shown  in 
figure  20  and  table  20,  was  fairly  similar  for 
nearly  all  occupations. 

Necessity  travel  ranged  from  47  to  72 
percent  for  gainfully  employed  workers  in  the 
occupational   groups,    averaging   60   percent. 

Farmers  did  little  home-to-work  travel 
but  had  more  than  average  related  business 
travel,  so  they  had  nearly  the  same  amount 
of  total  travel  for  earning  a  living  as  was 
found  for  other  occupations. 

Cars  of  which  traveling  salesmen  and  agents 
were  the  principal  operators  traveled  67 
percent  of  their  total  mileage  for  the  purpose 
of  earning  a  living,  whereas  car3  operated  by 
persons  in  other  occupations,  excluding 
housewives  and  personal-service  workers, 
traveled  from  41  to  59  percent  in  this  category. 

Cars   of   which    the   housewives   were   the 
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principal    operators    had    only    one-fifth    of 
their  mileage  as  earning-a-living  travel;  nearly 


one-half  of  their  travel  was  for  social  ai 
recreational  purposes. 


Table   19. — Distribution   of  passenger-car   travel   classified   by   purpose   of  travel  and 
residence  of  principal  operator;  summer  of  1951,  four  States  ' 


hfc 
nuts 
felf 
itial 
: 


Purpose  of  travel 


Earning  a  living: 

To  and  from  work. 
Related  business... 


Subtotal. 


Family  business: 

Medical  and  dental. 

Shopping 

Other.... 


Subtotal 

Educational,  civic,  religlous. 

Social  and  recreational: 

Vacation 

Pleasure  rides 

Other 


Subtotal. 
All  purposes 


Distribution  of  passenger-car  travel  by  purpose,  according  to  residence 
of  principal  operator 


r 


All  popu- 
lation 
groups 


Pet. 
22.7 
21.3 


44.0 


2.5 
6.0 
7.3 


15.8 
2.8 


4.8 
14.1 
18.5 


37.4 


100.0 


Unincor- 
porated 
areas 


Pet. 
20.6 
24.9 


45.5 


3.8 
9.1 

8.4 


21.3 
4.0 


2.1 
11.5 
15.6 


29.2 


100.0 


Incorporated  places  with  population  of- 


AU 

places 


Pet. 
24.1 
19.0 


43.1 


1.7 
4.0 
6.5 


12.2 
2.0 


6.5 
15.8 
20.4 


42.7 


100.0 


Under 
5,000 


Pet. 
25.0 
21.2 


46.2 


3.9 
4.0 
6.3 


14.2 
2.2 


2.8 
17.0 
17.6 


37.4 


100.0 


5,000- 
24,999 


Pet. 
19.6 

25.7 


45.3 


1.4 
3.3 
7.2 


11.9 
2.6 


7.4 

14.2 
18.6 


40.2 


100.0 


25,000- 
99,999 


Pet. 
21.0 
13.3 


34.3 


.5 
5.2 
9."2 


14.9 
1.2 


13.3 
10.9 
25.4 


49.6 


100.0 


100,000 
and  over 


Pet. 
29.8 
15.4 


45.2 


3.6 
4.0 


8.4 
1.8 


3.6 
20.1 
20.9 


44.6 


100.0 


1  Arkansas,  Louisiana,  Oklahoma,  and  Wisconsin. 
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PROTECTIVE 

SERVICES 

1.5% 


HOUSEWIVES 
3.5% 


TRAVELING    SALESMEN, 
MISCELLANEOUS  AGENTS,    ETC. 

4.4%  4.6% 


STORE    8    OFFICE 
CLERKS -10.0% 


PROFESSIONALS    a 
SEMIPROFESSIONALS  -  10.2% 


PROPRIETORS, 
MANAGERS,  8   OFFICIALS 
10.8% 


FARMERS    8   FARM 
MANAGERS -15.4% 


ALL    OCCUPATIONS 


CRAFTSMEN,   FOREMEN, 

a  SKILLED   LABOR 

18.0% 


OPERATIVES,   SEMISKILLED, 
a   UNSKILLED    LABOR 
20.5% 


EDUCATIONAL, 

CIVIC,    8    RELIGIOUS 

2  8% 


MEOICAL    8    DENTAL 
2.5% 


'igure  20. — Passenger-car  travel  classified  by  major  purpose  of  travel  and  by  occupation  of  principal  operator;  summer  of  1951,  four  States. 


:OMPARISON  WITH  EARLIER  STUDIES 

The  road-use  and  motor-vehicle-allocation 
tudies  made  by  the  State  highway  depart- 
lents  between  1935  and  1940  and  the  motor- 
ehicle-use  studies  made  since  1950  were  all 
aitiated  for  the  purpose  of  learning  more 
•bout    the    characteristics    of    motor-vehicle 


ownership  and  use  than  was  available  from 
other  sources.  The  motor-vehicle-allocation 
studies  were  undertaken  primarily  to  obtain 
information  about  the  characteristics  of 
motor-vehicle  ownership,  while  the  road-use 
studies  were  designed  to  obtain  information 
about  the  characteristics  of  motor-vehicle 
use.     The    present    studies    are   intended    to 


obtain  information  comparable  to  that  secured 
in  both  of  the  earlier  types  of  studies,  and 
additional  information  not  obtained  in  either 
of  the  previous  studies. 

There  are  some  important  differences  in  the 
procedures  employed  in  the  three  types  of 
studies.  All  are  sample  studies  in  which  the 
aim  is  to  obtain  an  indication  of  the  character- 


^able  20.— Distribution  of  passenger-car  travel  classified  by  purpose  of  travel  and  by  occupation  of  principal  operator;  summer  of  1951, 

four  States1 


Occupation  of  principal  operator 

Distribution  of  passenger-car  travel  by  purpose  of  travel 

Total 

Ea 

rning  a  living 

Family  business 

Educa- 
tional, 
civic, 

religious 

Social  and  recreational 

Total 

To  and 
tmm 
work 

Related 
business 

Total 

Medical 

and 
dental 

Shopping 

Other 

Total 

Vacation 

Pleasure 
rides 

Oilier 

Professionals  and  semiprofessionals 

Pd. 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

100.0 
100.0 
100.0 
100.0 
100.0 

100.0 

Pd. 
45.3 
50.0 
42.4 
48.3 
67.3 
45.0 

41.1 
58.9 
34.1 
22.1 
22.0 

44.0 

Pd. 

20.1 
21.1 
9.4 
24.4 
33.4 
31.9 

28.4 

41.5 

17.4 

7.6 

7.5 

22.7 

Pd. 

25.2 
28.9 
33.0 
23.9 
33.9 
13.1 

12.7 
17.4 
16.7 
14.5 
14.5 

21.3 

Pd. 
18.0 
12.3 
26.9 
9.7 
5.3 
11.4 

13.5 
8.9 
18.2 
27.9 
24.5 

15.8 

Pd. 

1.8 
3.7 
4.6 
.9 
.1 
1.9 

1.3 
.2 
1.4 
3.3 
8.1 

2.5 

Pd. 
3.7 
3.3 

12.8 
3.9 
2.2 
4.1 

5.2 
3.8 
11.2 
15.9 
5.3 

6.0 

Pd. 

12.5 
5.3 
9.5 
4.9 
3.0 
5.4 

7.0 
4.9 
5.6 
8.7 
11.1 

7.3 

Pd. 
5.8 
1.3 
5.2 
1.6 
.7 
1.3 

2.4 
.6 
1.4 
1.8 
5.4 

2.8 

Pd. 
30.9 
36.4 
25.5 
40.4 
26.7 
42.3 

43.0 
31.6 
46.3 

48.2 
48.1 

37.4 

Pd. 
6.9 
7.9 
.3 
3.3 
2.3 
4.5 

6.9 
6.5 
5.5 
5.5 
4.8 

4.8 

Pd. 

8.4 
11.0 

8.9 
19.3 
13.8 
19.3 

14.8 
16.1 
13.6 
16.1 
15.3 

14.1 

Pd. 
15.6 
17.5 
16.3 
17.8 
10.6 
18.5 

21.3 
9.0 
27.2 
26.6 
28.0 

18.5 

Proprietors,  managers,  and  officials 

Farmers  s\nr\  farm  mnnflgprs 

Store  and  office  clerks,  salesmen 

Traveling  salesmen,  agents,  etc 

Craftsmen,  foremen,  skilled  laborers,  etc 

Operatives,  semiskilled  and  unskilled  work- 
ers, and  laborers.. 

Protective  services 

Personal-service  workers 

Housewives. 

Misw.ll^npous  2 

All  occupations 

«  Arkansas,  Louisiana,  Oklahoma,  and  Wisconsin. 

*  Includes  retired  persons,  occupations  not  otherwise  classified,  and  occupations  not  reported. 
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istics  of  a  "universe"  by  collecting  information 
from  a  representative  sample  of  icted 

from  the  universe.  In  most  instances  the 
uni\>  lected  for  the  earlier  studies  was  the 

motor-vehicle  registrations  of  the  last  pre- 
vious complete  year.  The  basic  universe 
selected  for  the  newer  motor-vehicle-use 
lies  was  the  total  number  of  dwelling  units 
in  the  State  being  studied,  although  in  some 
instances  (not  among  the  States  reported  on 
in  this  article,  however)  the  commercial- 
vehicle  registrations  have  been  used  as  a 
supplemental  universe  to  obtain  information 
on  the  characteristics  of  ownership  and  opera- 
tion of  certain  classes  of  freight-carrying 
vehicles, 

Methods  of  Sampling 

The  information  sought  in  the  road-use' 
and  motor-vehicle-use  studies  was  obtained 
through  personal  interviews  with  the  respon- 
dents. On  the  other  hand,  the  information 
desired  for  the  motor-vehicle-allocation  studies 
was  obtained  through  replies  submitted  by 
respondents  to  mail  questionnaires.  For  the 
road-use  studies,  the  practice  employed  in 
most  States  was  to  obtain  interviews  from  a 
sample  of  approximately  2  percent  of  the 
passenger-car  owners  and  5  percent  of  the 
truck  owners.  Data  on  commercial  buses 
were  generally  obtained  on  a  100-percent 
sample  basis,  with  various  methods  being 
employed  in  the  different  States  to  collect 
information  about  publicly  operated  buses, 
such  as  school  buses. 

One  notable  departure  from  the  general 
methods  described  above  was  employed  in 
those  States  in  which  the  so-called  "school 
method"  of  obtaining  interviews  was  used. 
In  these  States,  the  study  was  set  up  as  a 
school  project  in  certain  civics  or  government 
classes  in  selected  high  schools.  Information 
about  the  ownership  and  operation  of  trucks 
and  buses  was  usually  obtained  by  regularly 
employed  interviewers. 

In  contrast  to  the  procedures  employed  in 
the  motor-vehicle-use  studies,  where  the 
interviewers  are  given  no  latitude  in  selecting 
persons  to  be  interviewed,  considerable  lati- 
tude was  given  to  the  road-use  survey  inter- 
viewers in  selecting  their  interview  prospects. 
The  method  most  commonly  employed  in- 
volved the  assignment  of  area  or  place  quotas 
to  the  interviewers  who  were  instructed  to 
make  their  contacts  on  a  more  or  less  random 

basis       l  rol     were  imposed,   however,  to 

insure  that  the  samples  obtained  would  con- 
form closely  to  known  conditions  in  certain 
respects.  These  controls  included  the  re- 
quirement that,  urban  interviews  be  dis- 
tributed among  persons  employed  in  various 
occupations  approximately  according  to  the 
percentage  distribution  of  these  workers  in  the 
various  occupations.  Another  requirement 
was  that  the  year-model  distribution  of 
vehicles  included  in  the  sample  be  approxi- 
mately in  agreement  with  the  comparable 
distribution  of  vehicles  registered.  A  third 
requirement  imposed  wherever  possible  was 
that  interviews  taken  in  unincorporated 
areas  be  distributed  among  residents  on    the 
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various  road  systems  in  proportion  to  the 
distribution  of  dwelling  units  among  the 
systems  as  found  in  the  road  inventory.  In  a 
few  instances,  interviewers  were  given  lists  of 
persons  to  be  contacted,  but  since  these  lists 
were  usually  drawn  from  the  registration  lists 
of  the  previous  year  the  percentage  of  contact 
failures  was  generally  high  and  this  method  of 
interviewing  proved  unduly  expensive. 

In  designing  the  basic  sampling  procedures 
for  the  motor-vehicle-use  studies,  advantage 
was  taken  of  the  more  scientific  sampling  pro- 
cedures that  had  become  general  practice  dur- 
ing the  intervening  period.  The  procedures 
adopted  were  essentially  those  used  for  the 
home-interview  origin-and-destination  studies 
that  had  been  made  by  the  State  highway  de- 
partments during  the  last  few  years  in  many 
of  the  larger  cities.  The  sampling  procedures 
used  are  described  early  in  this  report. 

Nature  of  Travel  Information 
Obtained 

Perhaps  the  most  important  difference  be- 
tween the  road-use  surveys  and  the  motor- 
vehicle-use  studies  is  found  in  the  nature  of  the 
travel  information  obtained.  In  the  earlier 
studies,  an  attempt  was  made  to  obtain  data 
about  the  trips  made  to  various  points  and  for 
various  purposes  during  an  entire  12-month 
period,  generally  the  12-month  period  imme- 
diately preceding  the  date  of  the  interview. 
The  basic  procedures  designed  for  the  present 
studies  call  for  obtaining  data  only  for  trips 
completed  on  the  most  recent  weekday  and 
Saturday  and  Sunday.  For  the  extended  or 
complete  motor-vehicle  use  study  these  pro- 
cedures provide  that  one-fourth  of  the  inter- 
views should  be  obtained  in  each  area  sampled 
in  each  of  the  four  seasons  of  the  year.  The 
effect  of  these  changes  in  procedures  should  be 
to  reduce  memory  bias  or  unreliability  in  the 
information  obtained,  and  to  provide  uniform 
seasonal  coverage  of  the  areas  sampled. 

In  spite  of  the  shortcomings  of  the  proce- 
dures employed  in  the  road-use  and  motor- 
vehicle-allocation  studies,  the  results  obtained 
in  most  States  were  surprisingly  satisfactory, 
insofar  as  could  be  learned  from  comparisons 
made  with  known  data  or  estimates  calculated 
independently  by  other  means.  Data  de- 
veloped from  those  studies  have  been  used 
extensively  in  many  different  ways. 


Reconciliation  of  System 
Classifications 

It  is  not  possible  to  provide  direct  compa 
sons  of  the  information  obtained  in  the  roa  • ' 
use  and  motor-vehicle-use  studies  for  vario 
reasons,  one  of  the  most  important  being  t  | 
differences  in  highway  system   classificati! 
employed  for  the  two  studies.    Table  21  coi 
pares  the  mileages  of  the  various  system  clas 
fications   of  highways   adopted  for  the  to 
studies  in  each  of  the  four  States.    The  syste 
classifications  adopted  for  the  earlier  studi 
were  not  necessarily  the  official  or  legal  ones 
the  time  the  studies  were  made,  but  were  u; 
classifications  made  especially  for  the  financii 
and  road-use  studies  of  the  highway  plannii   ( 
surveys.    The  system  mileages  were  obtaim 
from  tabulations  prepared  for  the  financi  i 
studies.  i 

For  this  comparison  an  attempt  was  ma< 
to  bring  the  system  classifications  used  in  tl 
earlier  studies  in  line  with  those  used  in  tl 
motor-vehicle-use  studies.  In  the  case  of  Wi 
consin,  which  has  separate  official  county  at 
town  road  systems,  treated  separately  in  tl 
road-use  studies,  all  such  roads  were  group* 
into  one  system,  and  the  data  for  them  con 
bined  for  purposes  of  comparison  with  tl 
motor-vehicle-use  studies.  In  the  case 
Louisiana,  the  so-called  primary  system 
designated  for  the  road-use  study  include  j 
most  of  the  mileage  treated  separately  *!' 3 
"other  State  highways"  in  the  motor-vehicli 
use  study,  and  some  mileage  which  has  sin< 
been  transferred  to  parish  (county)  juri: 
diction. 

Comparison    of    Travel    Distribntio 


Figure  21  presents  what  may  perhaps  t 
the  most  significant  comparisons  that  can  b 
made  between   the  findings  of  the  road-uaS 
and  motor-vehicle-use  studies.     In  preparin  i 
this    presentation,    certain    combinations    d! 
data  were  made  to  place  the  information  frot 
both  studies  on  a  comparable  basis.     It  wi 
be  seen  that  the  rural-urban  travel  distribi 
tion  for  residents  of  unincorporated  areas  wa 
very   similar   in    1951    to   that   found   in   tli 
earlier   studies.     For  residents   of  all   place 
combined,  the  travel  distribution  in  1951  wa 
found  to  be  generally  similar  to  that  of  th 
earlier  studies,  except  that  the  1951  studie 


Table  21. — Comparison  of  highway  system  mileages  in  1936-37  and  1951;  four  States 


Road  system 

System  mileage 

Arkansas 

Louisiana 

Oklahoma 

Wisconsin 

1936 

1951 

1937 

1951 

1937 

1951 

1936 

1951 

Roads  In  unincorporated  areas: 
Sfeir.fi  primury  system 

8,597 
45,~734 

9,204 

55,417 

16, 771 

22, 091 

2,207 
11,  794 
25, 778 

7,945 
93, 244 

9,647 
82, 272 

9,206 
72, 239 

9,983 

75, 894 

State  secondary  system 

Subtotal 

54, 331 

64, 621 

38, 862 

39,  779 

101, 189 

91,919 

81, 445 

85, 877 

Streets  in  incorporated  places: 

'isions  of  State  roads .  .  _.. 

530 
4,079 

512 
4,034 

747 
2,941 

911 

4,790 

492 
6,240 

527 

6,287 

771 
7,113 

1,236 

7,674 

Other  streets _ 

Subtotal _ 

4, 609 
58,940 

4,546 

3,688 

5,701 

6,732 

6,814 

7,884 

8,910 

All  roads  and  streets 

69, 167 

42,  550 

45,480 

107, 921 

98, 733 

89. 329 

94, 787 
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FOUR   STATES 

UNINCORPORATED    AREAS 


'igure  21. — Comparison  of  distribution  of  passenger -car  travel  by  residents  of  all  places,  unincorporated  areas,  and  incorporated  places, 
as  shown  by  the  1951  motor -vehicle -use  studies  and  the  1936  road-use  studies;  four  States. 


ndicated  a  somewhat  smaller  proportion  of  The    only    important    difference    noted    in      total  miles  driven  on  "other  rural  roads"  in 

otal  travel  was  performed  on  the  streets  in      rural  travel  distribution  was  in  the  case  of      1951    as   compared   with   the   earlier  studies 
ncorporated  places.  Louisiana,  but  the  increase  in  percentage  of      can  probably  be  traced  largely  to  a  transfer 
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of  a  sizeable  block  of  road  mileage  from  the 
State  primary  to  the  State  secondary  system 
and  a  transfer  of  some  roads  to  parish  (county) 
jurisdiction. 

Another  factor  affecting  the  comparisons 
between  the  two  studies  is  the  change  in  the 
rural-urban  composition  of  the  population. 
Oklahoma  in  1940  was  38  percent  urban  and 
in  1950  was  50  percent  urban.  Arkansas  and 
Louisiana  each  reported  an  increase  of  about 
10  percent  in  urban  population.  Wisconsin 
reported  about  the  same  relation  between 
urban  and  rural  population  as  was  found  in 
1940." 

It  will  be  noted  that  in  three  of  the  four 
States  the  percentage  of  travel  performed  on 
streets  of  incorporated  places  was  shown  to 
be  less  in  1951  than  in  the  earlier  studies. 
This  change  cannot  be  explained  completely, 
but  there  are  certain  factors  which  appear  to 
make  it  seem  reasonable.  One  is  that  the 
earlier  studies  were  made  during  depression 
years  when  most  people  had  less  money  to 
spend  on  taking  long  trips;  therefore,  a  larger 
percentage  of  the  trips  occurred  in  the  cities. 


•  Census  of  Population:  1950,  Volume  I,  Number  of  Inhabi- 
tants (table  1  for  each  State).    Bureau  of  the  Census. 


In  1951,  because  of  increase  in  vehicles  in  use, 
the  travel  by  all  residents  of  these  States  was 
considerably  greater,  in  some  instances  almost 
twice  as  great,  than  it  was  at  the  time  of  the 
road-use  study.  Therefore,  the  total  miles 
traveled  on  city  streets  was  more  in  every 
case  in  1951  than  it  was  in  the  earlier  studies. 
However,  the  greater  proportionate  increase 
in  the  miles  traveled  on  rural  roads  was  such 
as  to  have  the  effect  of  reducing  the  percentage 
of  total  travel  on  streets  of  incorporated 
places. 

For  all  population  groups  combined  in  the 
four  States,  the  percentage  of  the  mileage 
being  driven  outside  the  State  of  residence  was 
the  same  for  the  two  studies.  The  unincorpo- 
rated areas  reported  a  smaller  percentage  of 
out-of-State  travel  and  the  incorporated  places 
a  larger  percentage  than  was  shown  in  the 
earlier  studies.  Among  the  individual  States 
all  but  Wisconsin  showed  a  smaller  percentage 
of  out-of-State  travel  in  1951  than  was  shown 
in  1936. 

A  limited  comparison  of  the  distribution  of 
travel  by  purposes  can  be  made  between  the 
two  studies  in  the  four  States.  The  basic 
distribution  of  travel  in  the  road-use  studies 
was  between  business  and  pleasure  purposes. 


The  former  included  travel  to  and  from  work, 
related  business  travel,  and  travel  on  family 
business  such  as  shopping  and  going  to  the 
dentist.  The  pleasure  travel,  which  in  some 
instances  was  subdivided  between  social  and 
recreational  purposes,  included  vacation  travel, 
pleasure  rides,  and  the  travel  designated  as 
educational,  civic,  and  religious  in  the  1951 
studies.  On  the  basis  of  this  classification, 
63  percent  of  the  travel  reported  in  the  early 
studies  in  the  four  States  was  for  business 
purposes,  as  compared  with  60  percent  in  1951. 
Although  it  would  have  been  very  desirable, 
it  was  not  possible  to  make  comparisons  be- 
tween the  earlier  and  later  studies,  of  travel 
classified  by  trip  lengths.  The  earlier  data1  * 
were  analyzed  on  a  basis  which  involved 
classification  of  trips  according  to  trip  lengths' 
only  for  trips  extending  beyond  city  limits,  i 
Because  of  the  relatively  high  percentages  of 
trips  made  which  do  not  go  beyond  city  limits, 
especially  by  residents  of  urban  places,  and|  '! 
which  are  not  separable  from  other  trips  in 
the  tabulations  of  trip  length  data  required 
for  the  motor-vehicle-use  studies,  it  was  not 
possible  to  make  a  meaningful  comparison 
between  the  findings  of  the  two  studies  in  this 
respect. 


It 


Braking  Performance  of  Motor  Vehicles 


A  New  Publication  of  the  Bureau  of  Public  Roads 


The  Bureau  of  Public  Roads  recently 
published  a  170-page  bulletin,  Braking  Per- 
formance of  Motor  Vehicles,  reporting  a  study 
of  the  braking  performance  of  motor  vehicles 
in  everyday  traffic,  of  new  vehicles  in  optimum 
condition,  and  of  used  vehicles  before  and 
after  brake-system  maintenance  and  improve- 
ment. The  bulletin  describes  the  effect  on 
brake  performance  of  such  factors  as  speed, 
weight,  vehicle  type  and  capacity,  and  brake 
type,  and  reports  on  the  capabilities  of  brake 
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testing  devices.  In  all,  319  passenger  cars, 
8  buses,  and  1,071  trucks  and  truck  combina- 
tions were  tested. 

The  bulletin  discusses  the  general  structure 
and  provides  the  essential  characteristics  of 
practical  brake  regulations,  and  furnishes  the 
basic  data  and  interpretations  thereof  re- 
quired by  appropriate  authorities  in  making 
intelligent  selection  of  values  of  performance 
to  be  used  in  the  body  of  any  brake  regulation. 

An  advisory  committee  representing  indus- 


try and  government  aided  the  Bureau  in  the 
formulation  of  the  program  and  procedures  of 
the  study,  and  reviewed  and  approved  the 
analyses  and  report.  More  than  50  individual 
trucking  operators  cooperated  by  furnishing 
vehicles,  drivers,  and  other  facilities. 

Braking  Performance  of  Motor  Vehicles  may 
be  purchased  from  the  Superintendent  of 
Documents,  U.  S.  Government  Printing  Office, 
Washington  25,  D.  C,  at  55  cents  a  copy. 
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A  list  of  the  more  important  articles  injPUBLIC 
OADS  may  be  obtained  upon  requestfaddressed 
i  Bureau  of  Public  Roads  .Washington  25,  D.  C. 


The  following  publications  are  sold  by  the  Superintendent 
f  Documents,  Government  Printing  Office,  Washington  25, 
I.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
documents.     Prepayment  is  required. 

NNUAL  REPORTS 


Vork  of  the  Public  Roads  Administration: 

1941,  15  cents.  1948,  20  cents. 

1942,  10  cents.  1949,  25  cents, 
'ublic  Roads  Administration  Annual  Reports: 

1943;  1944;  1945;  1946;  1947. 

(Free  from  Bureau  of  Public  Roads) 
^nnual  Reports  of  the  Bureau  of  Public  Roads: 

1950,  25  cents.  1952,  25  cents. 

1951,  35  cents.  1953,  25  cents. 

UBLICATIONS 

Mbliography  of  Highway  Planning  Reports  (1950).     30  cents. 

'.raking  Performance  of  Motor  Vehicles  (1954).     55  cents. 

construction  of  Private  Driveways,  No.  272MP  (1937).     15  cents. 

Design  Capacity  Charts  for  Signalized  Street  and  Highway  Inter- 
sections (reprint  from  Public  Roads,  Feb.  1951).     25  cents. 

Ilectrical  Equipment  on  Movable  Bridges,  No.  265T  (1931).  40 
cents. 

"actual  Discussion  of  Motortruck  Operation,  Regulation,  and 
Taxation  (1951).     30  cents. 

"ederal  Legislation  and  Regulations  Relating  to  Highway  Con- 
struction (1948).     Out  of  print. 

rinancing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments, 1931-41.     45  cents. 

lighway  Bond  Calculations  (193G).      10  cents. 

lighway  Bridge  Location,  No.  1486D  (1927).     15  cents. 

lighway  Capacity  Manual  (1950).     75  cents. 

lighwav  Needs  of  the  National  Defense,  House  Document  No. 
249  (1949).     50  cents. 

lighway  Practice  in  the  United  States  of  America  (1949).  75 
cents. 

lighway  Statistics  (annual): 

1945,  35  cents.  1948,  65  cents.  1951,  60  cents. 

1946,  50  cents.  1949,  55  cents.  1952,  75  cents. 

1947,  45  cents.  1950  (out  of  print), 
lighway  Statistics,  Summary  to  1945.     40  cents. 

iighways  in  the  United  States,  nontechnical  (1954).     20  cents. 
Rghways  of  History  (1939).     25  cents, 
dentification  of  Rock  Types  (1950).     Out  of  print, 
nterregional  Highways,  House  Document  No.  379  (1944).     75 
cents, 
^egal  Aspects  of  Controlling  Highway  Access  (1945).     15  cents. 
local  Rural  Road  Problem  (1950).     20  cents. 
Manual  on  Uniform  Traffic  Control  Devices  for  Streets  and  High- 
ways (1948).     75  cents. 
Vlathematical  Theorv  of  Vibration  in  Suspension  Bridges  (1950). 
;   $1.25 

VI ot or- Vehicle  Traffic  Conditions  in  the  United  States,  House 
Document  No.  462  (1938): 

Part  1.— Nonuniformity  of  State  Motor- Vehicle  Traffic  Laws. 

15  cents. 
Part  2.— Skilled  Investigation  at  the  Scene  of  the  Accident 

Needed  to  Develop  Causes.     10  cents. 
Part  3.— Inadequacy   of   State    Motor-Vehicle   Accident   Re- 
porting.    10  cents. 
Part  4.— Official  Inspection  of  Vehicles.      10  cents. 
Part  5.— Case     Histories     of     Fatal     Highwayl    Accidents. 

10  cents. 
Part  6.— The  Accident-Prone  Driver.      10  cents. 


PUBLICATIONS 

of  the  Bureau  of  Public  Roads 


PUBLICATIONS     (Cont'd) 

Principles  of  Highway  Construction  as  Applied  to  Airports,  Flight 

Strips,  and  Other  Landing  Areas  for  Aircraft  (1943).     $2.00. 
Public  Control  of  Highway  Access  and  Roadside  Development 

(1947).     35  cents. 
Public  Land  Acquisition  for  Highway  Purposes  (1943).     10  cents. 
Results  of   Physical   Tests  of   Road-Building   Aggregate   (1953). 

$1.00. 
Roadside  Improvement,  No.  191MP  (1934).     10  cents. 
Selected  Bibliography  on  Highway  Finance  (1951).     60  cents. 
Specifications  for  Construction  of  Roads  and  Bridges  in  National 

Forests  and  National  Parks,  FP-41  (1948).     $1.50. 
Standard    Plans    for    Highway    Bridge    Superstructures    (1953). 

$1.25. 
Taxation  of  Motor  Vehicles  in  1932.     35  cents. 
Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces  (1943). 

10  cents. 
Transition  Curves  for  Highways  (1940).     $1.75. 
Uniform  Vehicle  Code: 

Act      I. — Uniform   Motor-Vehicle  Administration,  Registra- 
tion,   Certificate    of    Title,    and    Antitheft    Act 
(1945).     15  cents. 
Act    II.— Uniform  Motor- Vehicle  Operators'  and  Chauffeurs' 

License  Act  (revised  1952).     15  cents. 
Act  III.— Uniform  Motor-Vehicle  Civil  Liability  Act  (1944). 

10  cents. 
Act  IV.— Uniform  Motor- Vehicle  Safety  Responsibility  Act 

(revised  1952).     15  cents. 
Act     V. — Uniform  Act  Regulating  Traffic  on  Highways  (re- 
vised 1952).     20  cents. 
Model  Traffic  Ordinance  (revised  1953).     20  cents. 

MAPS 

State  Transportation  Map  series  (available  for  39  States).  Uni- 
form sheets  26  by  36  inches,  scale  1  inch  equals  4  miles.  Shows 
in  colors  Federal-aid  and  State  highways  with  surface  types, 
principal  connecting  roads,  railroads,  airports,  waterways, 
National  and  State  forests,  parks,  and  other  reservations. 
Prices  and  number  of  sheets  for  each  State  vary— see  Superin- 
tendent of  Documents  price  list  53. 

United  States  System  of  Numbered  Highways  together  with  the 
Federal-Aid  Highway  System  (also  shows  in  color  National 
forests,  parks,  and  other  reservations) .  5  by  7  feet  (in  2  sheets) , 
scale  1  inch  equals  37  miles.     $1.25. 

United  States  System  of  Numbered  Highways.  28  by  42  inches, 
scale  1  inch  equals  78  miles.     20  cents. 


Single  copies  of  the  following  publications  are  available  to 
highway  engineers  and  administrators  for  official  use,  and 
may  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  Roads.  They  are  not  sold  by  the 
Superintendent  of  Documents. 

Bibliography  on  Automobile  Parking  in  the  United  States  (1946). 

Bibliography  on  Highway  Lighting  (1946) 

Bibliography  on  Highway  Safety  (1938). 

Bibliography  on  Land  Acquisition  for  Public  Roads  (1947). 

Bibliography  on  Roadside  Control  (1949). 

Express  Highways  in  the  United  States:  a  Bibliography  (194aL 

Indexes  to  Public  Roads,  volumes  17-19  andj>3. 

Title  Sheets  for  Public  Roads,  volumes  24-27. 


United  States 
Government  Printing  Office 

DIVISION  OF   PUBLIC  DOCUMENTS 

Washington  25,  D.  C. 


PENALTY    FOR    PRIVATE    USE   TO    AVOID 

PAYMENT   OF    POSTAGE,  S300 

(GPO) 


OFFICIAL    BUSINESS 


If  you  do  not  desire  to  continue  to  receive 
this  publication,  please  check  here  □; 
tear  off  this  label  and  return  it  to  the  above 
address.  Your  name  will  then  be  promptly 
removed  from  the  appropriate  mailing  list. 


DEPARTMENT  OF  COMMERCE   -  BUREAU  OF   PUBLIC  ROADS 

STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 


AS  OF  OCTOBER  31,   1954 
(Thousand  Dollars) 


FOR  OFFICIAL  USE 


UNPROG  RAMMED 
BALANCES 


ACTIVE     PROGRAM 


PROGRAMMED  ONLY 


CONSTRUCTION  L'NDKR  WAY 


Alabama 

Ar.<om 
Arkansas 


California 
i  olorudo 
Connecticut 


$18,41*5 
8,957 
_3Ju3l4_ 


$13,098 

7,929 

7,859 


$7,342 
4,773 
4.686 


289.7 

94.3 

327-3 


$6,150 

658 

6.110 


-    3,047 


150.8 

11.0 

142.5 


$46,754 

6,710 

15,362 


$23,449 

4,803 

7.593 


535.1 
127.6 
373.1 


$66,002 
15,297 
29.351 


22,364 
15,583 
18,796 


30,741 
9,327 
1.476 


17,036 

5,303 

23A 


152.7 
179-2 


3d 


18,458 
1,877 

822 


9,848 

1,045 

410 


61.4 

44.6 

1.0 


113,337 

17,769 

6,635 


54,470 
9,734 
3,173 


304.1 

16li 


162,536 
28,973 
8,933 


$33,760 

10,024 
15.326 


81,354 

16,082 

4,321 


975.6 
232.9 
842.9 


518.2 

391.7 

14.0 


Delaware 

Elonda 

Georgia 


Idaho 

Illinois 

Indiana 


4,801 

14,408 
20.777 


1,459 
21,801 
11,991 


731 

11,218 

6,115 


12.2 
232.9 
258.4 


1,659 
9,298 

l'./jr." 


832 
4,803 

7.558 


•  5 
145.3 
311-3 


7,88£ 
17,654 
48.934 


4,291 

9,311 

22,292 


37.1 
283.1 
642.8 


11,006 
48,753 
76,013 


5,854 
25,332 
35,965 


49.8 

661.3 

1,212.5 


Iowa 

Kansas 
Kentucky 


Ixiuisiana 

Maine 

Maryland 


MiissHthusf'ts 

M.L-h.gan 

Minnesota 


Mississippi 

Missouri 

Montana 


Nebraska 

Nevada 

New  Hampshii 


New  Jersey 
New  Mexico 
New  York 


North  Carolina 
North  Dakota 

Ohio 


Oklahoma 

Oregon 

Pennsylvan 


Rhode  Island 
South  Carolina 
South  Dakota 


Tenne% 
Texas 
Utah 


Vermont 
Virgin  iii 
Washington 


Wesl  Virgmu 

Wisconsin 

Wyoming 


District  of  Columbia 
Puerto  Rico 


8,418 
38,276 
28.022 


4,162 
36,717 
33,365 


2,660 
19,  74l 
16,691 


393:5 
140.3 


3,322 
13,972 
14,700 


2,116 
6,998 
6,442 


15,083 
18,249 
15,552 


17,685 

9,218 

10,991 


9,784 
4,634 
5,943 


17,599 

6,849 

",007 

18,532 
29,985 

?4,402 


11,968 
7,662 

15,996 


5,972 
4,039 

8,127 


5,494 

27,249 
6,594 


2,737 

13,874 

3,366 


12,965 
22,496 
15,895 


12,550 
21,643 
13,267 


6,293 

11,506 

7,835 


19,412 
13,152 


21,454 
2,935 
1,990 
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ontinuous  Reinforcement  in 
Concrete  Pavement- 
after  157*  years 


In  1938  there  was  constructed  near  St ilesville,  Indiana,  as  a  cooperative  re- 
search project,  a  reinforced  concrete  pavement  containing  a  number  of  sections, 
ranging  in  length  from  20  to  1,310  feet.  Three  types  of  steel  were  used,  and  the 
amount  of  longitudinal  reinforcement  was  varied  from  0.07  to  1.82  percent  among 
the  sections.  The  purpose  of  the  research  was  to  obtain  information  on  the 
possibilities  for  reducing  the  number  of  transverse  joints  in  concrete  pavement 
through  the  use  of  longitudinal  steel  reinforcement . 

Observation  of  the  experimental  pavement  sections  after  15l/z  years  of  service 
indicates  tluil,  with  the  proper  itse  of  longitudinal  reinforcement,  any  spacing 
of  transverse  joints  within  the  range  studied  will  give  satisfactory  performance. 
without  failure  of  the  steel  or  adverse  effects  on  the  concrete. 

In  the  long,  heavily  reinforced  sections  numerous  closely  spaced  transverse 
cracks  have  developed,  but  these  have  not  opened  and  are  not  detrimental  to 
surface  smoothness  or  pavement  life.  In  fact,  an  outstanding  impression  of 
the  pavement  is  the  superficial  nature  and 'Structurally  harmless  character  of 
transverse  cracks  held  closed  by  continuous  longitudinal  reinforcement.  Irre- 
spective of  section  length,  all  cracks  held  closed  by  reinforcement  have  been 
highly  resistant  to  pumping,  free  of  faulting,  antl  have  required  little  or  no 
maintenance. 

Longitudinal  reinforcement  in  very  large  amounts  can  be  used  without  danger 
of  cracking  of  the  concrete  above  the  steel,  buckling  failures,  or  disintegration 
of  the  concrete.  Longitudinal  reinforcement  in  small  amount,  0.11  percent  or 
less,  should  be  used  with  caution  in  pavements  subjected  to  heavy  truck  traffic. 

The  performance  of  the  longest  sections  indicates  that  continuously  reinforced 
pavements  will  be  less  susceptible  to  pumping  than  pavements  of  other  designs, 
although  under  certain  conditions  of  traffic  and  subgrade  they  will  not  be 
immune  from  pumping  along  the  longitudinal  free  edge. 

This  investigation  was  planned  primarily  to  determine  the  extent  to  which 
various  types  and  amounts  of  longitudinal  steel  reinforcement  could  be  used 
to  reduce  the  number  of  transverse  joints  in  concrete  pavements.  Thus  its 
purpose  was  to  produce  information  mainly  on  structural  performance.  The 
general  excellence  of  the  performance  of  the  pavement  sections  over  a  period 
of  more  than  15  years  raises  a  question  regarding  the  economic  benefits  of  re- 
inforcing steel  that  cannot  be  answered  at  this  time  or  by  this  investigation 
alone.  However,  subsequently  there  have  been  constructed  several  other  con- 
tinuously reinforced  pavements  of  varying  designs  which  are  being  observed 
and  reported  upon.  It  is  believed  that  as  time  develops  more  information,  it 
may  eventually  become  possible  to  evaluate  the  relative  economics  of  con- 
tinuously reinforced  pavement  and  that  of  more  usual  designs. 


THIS  is  the  fifth  of  a  series  of  reports  of  a 
cooperative  research  investigation  under- 
taken in  1938  by  the  Indiana  State  Highway 
Department  and  the  Bureau  of  Public  Roads 
to  study  the  effects  of  varying  amounts  of 
continuous  longitudinal  steel  reinforcement 
in  portland  cement  concrete  pavement  sec- 
tions of  various  lengths.  Preceding  reports 
(1-4)1  have  described  in  detail  the  design  and 
1  Numbers  in  parentheses  refer  to  the  bibliography,  p.  141. 

PUBLIC   ROADS  •  Vol.  28,  No.  6 

325913—55 1 


construction  of  the  project  and  the  perform- 
ance and  behavior  of  the  sections  during  the 
first  10  years  of  service.  The  present  report 
describes  the  condition  of  the  various  sections 
as  observed  during  a  performance  survey  con- 
ducted in  the  spring  of  1954  when  the  pave- 
ment was  15^2  years  old.  On  the  assumption 
that  the  reader  is  either  familiar  with 
investigation  or  can  easily  obtain  previously 
published   information   about   it,    only   those 


/  Cooperative  Investigation  by  the 
Indiana  State  Highway  Department 
and  the  Bureau  of  Public   Roads 


Reported  by  HARRY  D.   CASHELL, 

Highway  Physical  Research  Engineer, 

Bureau  of  Public  Roads,  and 

WILMER  E.  TESKE,  Research  Engineer, 

Indiana  State  Highway  Department 


data    essential    for   clarification    are    repeated 
in  this  report. 

The  experimental  reinforced  sect  ions,  rang- 
ing in  length  from  20  to  1,310  feet,  were  con- 
structed near  Stilesville,  about  30  miles  west 
of  Indianapolis,  Ind.,  as  part  of  the  ea 
bound  lanes  of  the  divided  highway  I*.  S.  40. 
The  continuous  steel  reinforcement  included 
rail-steel  bars,  billet-steel  bars,  and  wire 
fabric,  of  varying  sizes  and  weights  such  as 
to  provide  percentages  of  longitudinal  steel 
ranging  from  0.07  to  1.82  (see  table  1). 

In  addition  to  the  regular  sections  listed  in 
table  1,  four  special  500-foot  sections  were 
constructed  in  which  weakened-plane  joints 
were  spaced  at  10-foot  intervals  and  the  bond 
between  the  longitudinal  steel  and  the  con- 
crete was  broken  purposely  for  a  distance  of 
18  inches  on  each  side  of  each  joint. 

In  compliance  with  1938  standard  speci- 
fications, the  pavement  is  20  feet  wide  with 
a  9-7-9-inch  thickened-edge  type  cross  sec- 
tion. Construction  was  directly  over  a 
natural  fine-grained  soil  (table  2)  common  to 
the  Indianapolis  area  and  now  known  to  be 
highly  susceptible  to  pumping. 

Traffic  flow  (fig.  1)  on  U.  S.  40  in  the  im- 
mediate vicinity  of  the  experimental  sections 
has  increased  steadily  since  1938.  reaching  in 
1953  an  estimated  annual  average  daily 
volume  (in  both  directions)  of  nearly  8,000 
vehicles,  trucks  and  buses  comprising  approxi- 
mately 25  percent  of  the  total. 

Scope  of  Performance  Surrey 

The  15^-year  performance  survey  of  the 
experimental  pavement  consisted  primarily 
of  a  critical  examination  of  the  various  sec- 
tions for  possible  inherent  characteristics 
and  weaknesses  that  might  affect  or  shorten 
their  service  life.  During  the  survey  atten- 
tion was  particularly  focused  on:  (1)  The 
effect  of  transverse  cracking  on  sui 
deterioration  and  concrete  durability;  (2)  the 
manner  in  which  the  various  types  and  quan- 
tities of  longitudinal  steel  performed  their 
structural  function  of  holding  cracks  tight  I;, 
and  permanently  closed;  (3)  the  susceptibility 
of  the  sections  to  pumping  and  the  influence 
of  pumping  at  the  joints,  cracks,  ami  i 
of  the  pavement;  (4)  the  maintenance  require- 
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ments  of  the  si    I  ffect  of  traffic 

on    pavement    be  "1    condition    as 

indicated    by     a    comparison     between     the 

ily  traveled  outer  lane  and  the  more 
lightly  traveled  passing  or  inner  lane;  and  (6) 

urface  smoo  the  sections. 

Conclusions 

('(instructed  on  a  pumping-susceptible  soil 
and  subjected  to  relatively  heavy  traffic  for 
I5}i  years,  the  experimental  sections  have  by 
their  behavior  and  condition  provided  basic 
informal  ion  applicable  to  the  ultimate  per- 
formance of  reinforced  concrete  pavement. 
The  most  significant  conclusions  to  be  drawn 
from  the  results  of  this  investigation  follow: 

Regular  sections 

1.  Sections  of  any  length  can  be  reinforced 
with  continuous  longitudinal  si  eel  in  sufficient 
amount  in  maintain  all  transverse  cracks  in 
a  tightly  closed  condition  without  adverse 
effed  on  the  concrete. 

2.  The  length  of  a  continuously  reinforced 
ion  containing  adequate  steel  has  a  pro- 
nounced effect  on  the  pattern  of  transverse 
crack  development .  In  sections  up  to  approx- 
imately  150  feet  in  length  the  cracks  will  be 
comparatively  few  and  variably  spaced.  In 
the  end  regions  of  longer  sect  inns  the  same 
condition  will  exist  while  in  the  central  region 
of  long  sections  numerous  closely  spaced 
cracks  will  form. 

3.  The  rate  of  crack  development  and  the 
crack  frequency  will  have  little  effect  on  the 
service  life  of  adequately  reinforced  sections. 

4.  Surface  widths  of  cracks  held  closed  by 
continuous  reinforcement  will  increase  gradu- 
ally with  time  by  raveling  and  wearing  super- 
ficially under  exposure  and  the  action  of 
traffic;  however,  this  condition  will  not  impair 
the  durability  of  the  concrete  and  will  require 
lit  I  le  maintenance. 

5.  Cracks  held  closed  by  continuous  rein- 
forcement will  be  highly  resistant  to  pumping, 
practically  free  of  faulting,  and  will  seldom 
develop  surface  roughness. 

6.  Welded  wire  fabric  as  light  as  32  pounds 
per  100  square  feel  and  longitudinal  bar 
reinforcement  as  light  as  J^-inch  bars  spaced 
at  0-inch  centers  appear  to  be  structurally 
incapable  of  performing  the  intended  function 
of  holding  transverse  cracks  permanently 
closed    in    pavement     sections    subjected    to 

v  traffic. 

7.  A  continuously  reinforced  concrete  pave- 
ment without  joints  will  be  less  susceptible 
to  the  damaging  effect  3  of  pumping  than  rigid 
pavements  of  usual  current  designs  but,  under 
certain  condil  ions  of  subgrade  type  and  traffic, 
will  not  be  immune  from  pumping  action  at 
I  he  longitudinal  free  edge  of  the  pavement. 

Special  sections 

1.  Preservation  of  pavemenl  continuity  is 
an  essential  requirement  of  the  design  com- 
prising short,  constructed  slabs  held  together 
by  relatively  lightweight  reinforcement. 

2.  To  preserve  continuity  of  the  pavi 
surface,    longitudinal    reinforcement    heavier 
than  that  provided  by  wire  fabric  of  91  pounds 
per    100    square    feet    would    be    required    if 
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Table  1. — Details  of  reinforcement  in  the  experimental  sections 


Number  of 

sod  ions  for 

each 

length  ' 


Length  ol 

section  2 


Feet 


Cal- 

culati  'i 

maximum 

stress  ill 


Lb   I"' 


Weight 
of  rein- 
force- 
ment 


Lb.  per 

100  sq.  ft. 


Reinforcement  size  and  spacing 


Longitudinal 


Diameter4 


Spacing 
c.  to  c. 

Inches 


Transverse 


Diameter* 


Spacing 
c.  to  c. 

Inches 


Percent- 
age of 
longi- 
tudinal 
steel  6 


Percent 


Average  tensile 
strength  of  longi- 
tudinal steel 


Yield 
point 

Lb.  per 
sq.  in. 


Ultimate 

Lb.  per 
sq.  in. 


Rail-Steel  Bars  (Deformed) 


600 

840 

1,080 

1,320 

340 

470 

610 

740 

150 

210 

270 

330 

80 

120 

150 

180 

40 

50 

60 


25,000 
35,000 

45,  000 
55,  000 

'.'.-..linn 
35,  000 
45,  000 
55,  000 
25.  000 
:;:>. i 

I,-,  nun 
.-,:,,  in  in 
_•:,.  nun 
35, 

1.-,,  linn 
55,  000 
25,  000 
:;.-,,  nun 
45,  000 

-,.',,  nun 


I    567 

1-in. 

6 

y2-m. 

24 

1.82 

63, 000 

I    334 

M-in. 

6 

M-in. 

24 

1.02 

64,  400 

>    167 

M-in. 

6 

M-in. 

24 

.45 

68,  800 

94 

M-in. 

6 

M-in. 

24 

.26 

66,700 

I     50 

M-in. 

6 

M-in. 

12 

.11 

60, 300 

113,200 


113,300 


93,  600 


St,  600 


Billet-Steel  Bars  (Deformed),  Intermediate  Grade 


f 

360 

15,000 

| 

600 
840 

25,  000 

;:.-,,  nun 

>          567 

1-in. 

6 

M-in. 

24 

1.82 

46, 900 

1,080 

45,  000 

J 

1 

200 

15,000 

1 

1 

i 

340 

470 

25,  000 
35,000 

>         334 

94 -in. 

6 

M-in. 

24 

1.02 

49, 100 

610 

45,  000 

( 

90 

15,000 

1 

150 
210 

25.  000 
35,  000 

I          167 

M-in. 

6 

M-in. 

24 

.45 

51,  400 

1 

270 

45,  000 

[ 

50 

15,000 

] 

80 
120 

25,  000 
35,  000 

94 

M-in. 

6 

H-m. 

24 

.26 

55,  500 

1 

150 

45,  000 

J 

1 

20 

[5,000 

1 

40 
50 

25,  000 
35,  000 

50 

M-in. 

6 

M-in. 

12 

.11 

56, 900 

[ 

60 

45,  000 

1 

78,  000 


78,  500 


78,  600 


M, 'II  III 


77, 300 


Wire  Fabric  (Cold-Drawn  Wires) 


140 

25,  000 

190 

35,  000 

250 

45. 000 

310 

55,  000 

90 

25,  000 

130 

:;:.,  mm 

170 

45,  000 

200 

55,  000 

80 

25,  000 

no 

35,  000 

140 

45,000 

170 

55,  000 

60 

25, 000 

80 

35,  000 

100 

45,  000 

120 

55, 000 

30 

25, 000 

Ml 

35, 000 

60 

45,  000 

80 

55,  000 

20 

25,  000 

30 

35,  000 

40 

45,  000 

50 

55,  000 

149 


107 


65 


^5 


32 


No.  0000 


No.  0000 


No.  000 


No.  0 


No.  3 


No.  6 


No.  3 


No.  3 


No.  4 


No.  6 


No.  6 


No.  i, 


0.42 


.28 


12  .24 


12 


.17 


.07 


Sl,  Mill 


SO,  300 


89, 100 


S3,  700 


81,000 


88,  700 


1  The  term  "section"  as  used  in  this  report  refers  to  a  lane  or  10-foot  width  of  pavement;  thus  the  number  "2"  indicates  a 
pair  of  sections,  one  being  on  each  side  of  the  center  joint. 

2  The  lengths  of  the  longer  sections  are  nominal  lengths  and  may  be  either  5  or  10  feet  greater  than  the  actual  length  in 
cases  where  a  pair  of  bridge-type  joints  were  installed. 

3  Calculated  by  subgrade  resistance  method  with  coefficient  of  resistance  equal  to  1M  times  the  weight  of  the  pavement. 
*  The  rail-stee]  and  billet-steel  reinforcement  were  round  bars.    The  diameters  of  the  wires  in  the  fabric  were  as  follows: 

No.  0000,  0.3938  inch;  No.  000,  0.3625  inch;  No.  0,  0.3065  inch;  No.  3,  0.2437  inch;  No.  4,  0.2253  inch;  No.  6,  0.1920  inch. 

5  Cross-sectional  area  of  the  longitudinal  steel  expressed  as  a  percentage  of  the  cross-sectional  area  of  the  concrete  slab. 


shear  bars  are  omitted  at  the  weakened-plane 
joints.  If  shear  bars  are  included  in  the 
design,  however,  pavement  continuity  can  be 
preserved  with  an  amount  of  longitudinal 
reinforcement  somewhat  less  than  that 
provided  by  the  91-pound  fabric. 

3.  As  long  as  continuity  exists,  the  pavement 
will  be  free  from  all  but  very  slight  faulting 


at  the  weakened-plane  joints,  of  acceptable 
surface  smoothness,  and  highly  resistant  to 
pumping. 

4.  The  submerged  type,  weakened-plane 
joint  with  a  copper  seal  enveloping  the  bottom 
parting  strip  appears  to  provide  more  protec- 
tion against  the  entrance  of  water  to  the  sub- 
grade  than  that  obtained  with  the  surface- 
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Table  2. — Subgrade  soil  data 


Total  soil 

samples 

for  each 

depth 

Location 
below 
surface 

Inches 

Material 
retained 
on  No. 
270  sieve 

Percent 

Plasticity 
index 

Percent 

Moisture 

cmitenl 

r,  ra  nt 

Sections  Containing  Raii.-Steel  Bars 

18 

f       0-4 
\      4-12 
I     12-24 

19 
19 
21 

12 
13 
13 

13.  2 
16.  1 

IS.  1 

Sections  Containing  Billet-Steel  Bars 

15 

|         0-1 
<       4-12 
I     12-24 

24 
23 
24 

11 
12 
12 

12.6 
IS  6 

18.  1 

Sections  Containing  Welded-Wire  Fabric 

12 

[         0-4 
\       4-12 
I     12-24 

36 
33 
32 

10 
12 
13 

11.2 
13.4 
14.1 

2y 

v-  y 
>  X 

-I  Id 

o  u_ 

Ul  O 

2  <=> 

^  z 

w« 

_l  o 

§p 

z 
z 
< 


10 

R 

fi 

4 

~: 

2 

n 

1940 


1950 


i  Average   data  from   tests  on  samples  taken  from   the 
finished  subgrade  just  prior  to  placing  concrete. 


Figure  1. — Traffic  volume  on  U.  S.  40  in  the  immediate  vicinity  of  the  experimental 

pavement. 


groove  type  of  joint.  However,  the  fractures 
that  form  above  the  parting  strips  will  be 
meandering  in  character  and  unsightly  in 
appearance. 

5.  Elimination  of  expansion  joints  and  the 
consequent  minimizing  of  progressive  opening 
of  the  weakened-plane  joints  would  be  advan- 
tageous to  pavements  of  this  design. 

Development  of  Cracking 


low,  remaining  rather  uniform  for  the  inter- 
mediate-length section  and  diminishing  pro- 
gressively with  time  in  the  case  of  the  central 
area  of  the  long  section.  Of  special  interest  is 
the  fact  that  13  percent  of  the  cracks  now  pres- 
ent in  the  central  400  feet  of  the  1,310-foot 
section  formed  during  the  last  5l/z  years. 
This  suggests  a  continued  high  stress  condi- 
tion in  the  concrete  in  that  region,  with  con- 
tinued bond  between  the  steel  and  the 
concrete. 


Figure  4  shows  the  effect  of  pavement  age 
on  the  average  distance  between  cracks.  Of 
in  I  crest  is  the  average  crack  interval  of  2.3 
feet  (range  from  1  to  6  feet)  now  existent  in 
the  central  portion  of  the  1,310-foot  section 
reinforced  with  1.82  percent  longitudinal 
steel. 

In  the  discussion  of  figures  3  and  4  attention 
has  been  directed  purposely  to  crack  develop- 
ment in  the  central  portion  of  the  1,310-foot 
section,  because  it,  is  indicated  that  cracking 


Crack  development  during  the  first  10 
years  of  pavement  life  has  been  carefully 
recorded  and  fully  described  in  preceding 
published  reports;  consequently,  only  data 
indicative  of  the  general  trend  of  cracking  are 
reported  here. 

Typical  examples  of  crack  patterns  that 
formed  during  the  15^-year  period  of  service 
are  shown  in  figure  2.  To  emphasize  the 
more  recent  fractures,  only  those  that  appeared 
within  the  final  time  period  covering  the  last 
5}i  years  are  labeled  with  their  survey 
number  (7). 

The  data  of  figure  2.  although  limited,  give 
a  good  idea  of  the  crack  development  existing 
in  the  range  of  section  lengths  comprising  the 
experimental  pavement.  Briefly,  the  shorter 
sections  are  comparatively  free  of  fractures. 
As  the  length  of  section  increases,  however, 
cracking  is  more  frequent  until  in  the  central 
region  of  the  longest  sections  the  crack  inter- 
val is  often  less  than  2  fed . 

Figures  3  and  4  show  the  development  of 
cracking  over  the  15^-year  period  in  two 
selected  cases,  a  310-foot  section  and  the 
critical  central  region  of  the  1,310-foot  section. 
In  this  report,  unless  otherwise  noted,  frac- 
tures less  than  5  feet  long  and  those  that 
occurred  at  the  extreme  ends  of  sections  as  a 
result  of  pumping  at  the  joints  are  not  con- 
sidered in  the  various  analyses  of  cracking. 

Figure  3  indicates  the  manner  in  which  the 
fractures  appeared  with  respect  to  time.  As 
will  be  noted,  the  rate  of  cracking  was  very 
high  during  the  first  year  following  construc- 
tion, after  which  the  rate  was  comparatively 
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60-FOOT   SECTION  REINFORCED 
WITH   45- POUND  WIRE  FABRIC 


120- FOOT  SECTION   REINFORCED 
WITH   65-POUND  WIRE  FABRIC 


k  20  FT.—J 


310- FOOT  SECTION  REINFORCED 
WITH  149-POUND  WIRE  FABRIC 


CONSTRUCTION  JOINT 


f~  20  FT.~| 


CENTRAL  400  FEET  OF  THE  I3I0-F00T  SECTION 
REINFORCED  WITH  1-INCH  DIAMETER  RAIL  STEEL  BARS 

Fieure  2.— Typical  crack  patterns  in  sections  of  various  lengths  after  15^/2  years.  (Frac- 
tures  numbered  7  occurred  between  the  sixth  and  seventh  crack  surveys,  October  1948 
and  April  1954.) 
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Figure  3. — Rate  of  crack  development  during  the  first  15lJz  years  of  pavement  life. 
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Figure  I. — Relation  between  average  transverse  crack  interval  and  age  of  pavement 


in  this  area,  approximates  closely  that  which 
would  develop  in  the  critical  area  of  a  pave- 
nl  of  infinite  length  continuously  rein- 
forced with  1.82  percent  steel.  Other,  more 
recen!  researches  (5  10)  have  shown,  however, 
thai  continuous  pavement  without  joints  can 
be  reinforced  adequately  with  considerably 
less  longitudinal  steel  than  the  1.82  percent 
used  in  the  L, 310-foot  sections.  Comparison 
between  the  results  of  the  later  researches 
and  the  one  under  discussion  indicates  that 
<i  irks  will  form  at  som<  later  intervals 

in  the  critical  region  of  continuous  pavement 
er  (and  hence  more  economical) 
in,  units  of  longitudinal  steel  than  in  the  cen- 
tral peri  ion  of  the  heavily  reinforced  1,310- 
foot  section.     This  is  asm    ;h1  be  <    pected. 

Discussion  of  cracking  has  thus  far  been 
confined  largely  to  thai  which  develops  in 
continuously  reinforced  sections  of  considera- 
ble  length.     An   analysis  of  the  crai 
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obtained  from  shorter  sections  reinforced  with 
various  weights  of  welded  wire  fabric  is 
shown  in  figure  5.  In  this  figure  the  average 
crack  interval  or  slab  length,  at  pavement 
age  of  15}i  years,  is  plotted  against  section 
length  as  constructed.  Slab  length  is  defined 
as  the  distance  between  two  expansion  joints, 
two  transverse  cracks  or  an  expansion  joint 
and  a  crack. 

The  curves  of  figure  5,  despite  limitations, 
suggest  a  general  pattern  of  cracking  for 
reinforced  sections  up  to  approximately  250 
feet  in  length;  that  is,  the  average  slab  length 
increases  with  an  increase  in  section  length 
until  a  peak  value  is  reached,  beyond  which 
(here  is  a  rapid  decrease  in  the  average  length 
of  slabs.  For  conditions  existing  in  the 
sections  under  discussion,  the  longest  average 
slab  lengths  are  found  at  a  section  length  of 
1 30  feet, 
indicated   that,    for   weights   of   wire 


fabric  of  91  pounds  per  100  square  feet  or  less 
the  relation  between  section  length  and  aver- 
age slab  length  is  unaffected  by  the  amount  of 
reinforcement  present.  For  greater  weights 
of  reinforcement,  however,  there  appears  to 
be  a  pronounced  effect.  For  example,  in  the 
case  of  a  140-foot  section,  the  average  slab 
length  was  70  feet  for  welded  fabric  ranging 
in  weight  from  45  to  91  pounds  per  100  square 
feet,  whereas  the  average  slab  length  for  the 
107-  and  149-pound  fabric  was  86  and  120 
feet,  respectively. 

Character  and  Effect  of  Cracking 

An  outstanding  impression  of  this  and  all 
previous  condition  surveys  is  the  superficial 
nature  and  structurally  harmless  character  of 
transverse  cracks  held  closed  by  continuous 
longitudinal  steel.  The  vast  number  of 
fractures  that  occurred  in  the  longer,  more 
heavily  reinforced  sections,  however  shocking 
when  considered  numerically,  have  not  weak- 
ened materially  the  structural  continuity  of 
the  pavement.  Irrespective  of  crack  incidence 
or  rate  of  crack  development,  all  sections, 
except  those  reinforced  with  the  lightest 
amount  of  each  type  of  steel,  have  continued 
in  service  free  from  distress  at  the  cracks  ot  her 
than  inconsequential  edge  raveling  and  very 
limited  damage  caused  by  localized  scaling  and 
spalling. 

Over  the  years,  exposure  and  the  action  of 
traffic  have  produced  various  degrees  of  ravel- 
ing and  wearing  of  the  surface  edges  of  the 
transverse  cracks.  At  present,  especially  in 
the  long,  heavily  reinforced  sections,  a  few 
of  the  earlier  and  many  of  the  more  recently 
formed  fractures  are  almost  imperceptible 
at  the  surface  of  the  pavement,  being  discern- 
ible only  by  extremely  close  inspection.  In 
contrast,  other  fractures  in  the  same  sections 
and  of  the  same  age  group  are  quite  conspicu- 
ous at  the  surface  of  the  pavement,  having 
raveled  and  rounded  to  widths  which,  at  the 
surface,  average  approximately  one-eighth 
inch. 

Cracks  in  the  lightly  reinforced  short  and 
moderate-length  sections  are,  in  general, 
more  readily  seen  than  those  in  the  more 
heavily  reinforced  longer  sections  and,  for  a 
given  long  section,  cracks  in  the  central  region 
are  more  prominent  than  those  in  the  end 
regions. 

Figure  6  shows  the  surface  condition  of 
the  pavement  at  several  transverse  cracks  as 
observed  in  the  outside  wheel  path  of  the 
heavily  traveled  lane.  These  photographs, 
taken  in  1954,  are  of  fractures  that  occurred 
at  an  early  age  in  the  central  portions  of  the 
longest  sections  reinforced  with  1-inch  diam- 
eter rail-steel  bars,  ^-inch  diameter  rail-steel 
bars,  149-pound  wire  fabric,  and  91-pound 
wire  fabric,  the  percentages  of  longitudinal 
reinforcement  being  1.82,  0.45,  0.42,  and  0.24, 
respectively.  By  selection,  the  surface  widths 
of  the  fractures  shown  are  representative  of 
the  widest  resulting  from  raveling  that  were 
observed  in  each  respective  group  of  sections. 

The  cracks  shown  in  figure  6,  although 
restricted  in  length,  serve  to  illustrate  several 
conditions  or  characteristics  of  cracking  that 
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Figure  5  (Right). — Relations  between  weight 
of  wire  fabric,  section  length,  and  av- 
erage  crack  interval  or  slab  length. 


were  quite  obvious  when  actually  seen  in  the 
pavement,  namely: 

1.  The  surface  width  of  an  individual 
crack  is  variable  along  its  length. 

2.  The  surface  widths  of  cracks  in  the 
shorter,  more  lightly  reinforced  sections  are 
wider,  on  the  average,  than  those  of  cracks  in 
the  heavily  reinforced  longer  sections. 

3.  The  extent  of  raveling  or  wearing  now 
present  at  the  edges  of  cracks  held  closed  by 
continuous  longitudinal  reinforcement  can 
hardly  lie  considered  as  detrimental  to  surface 
snioot  lmess  or  to  pavement  life. 

Another  very  important  structural  char- 
acteristic existing  at  all  cracks  held  closed  by 
continuous  reinforcement,  but  not  apparent  in 
figure  6,  is  the  fineness  of  the  real  widths  of  the 
cracks  themselves;  that  is,  widths  which,  un- 
like those  observed  at  the  surface,  are  unaf- 
fected by  raveling  and  wearing  of  the  crack 
edges.  The  real  widths  of  all  cracks  are  many 
times  smaller  than  their  respective  surface 
widths.  Like  their  surface  widths,  the  real 
widths  increase  with  a  decrease  in  the  percent- 
age of  longitudinal  reinforcement,  other  con- 
ditions being  equal. 

The  erratic  surface  raveling  of  the  cracks 
throughout  their  lengths  naturally  makes  it 
impossible  to  establish  exact  values  of  their 
surface  widths.  Nevertheless,  to  disclose 
behavior  trends,  if  any,  a  procedure  of  meas- 
urement was  adopted  which  gives  estimated 
values  of  the  average  surface  widths  of  cracks. 
Essentially,  this  procedure  consisted  of  divid- 
ing a  crack  extending  the  width  of  a  lane  into 
three  equal  segments,  then  making  a  width 
measurement,  in  each  segment  at  a  point 
judged  to  be  average.  The  value  obtained  by 
averaging  the  three  measurements  is  con- 
sidered to  represent  the  average  surface  widl  h 
of  the  crack  for  the  particular  lane.  Although 
this  method  is  rather  crude,  it  is  believed  that 
the  averages  of  a  number  of  such  measured 
values  have  significance  in  relative  compari- 
sons. 

At  pavement  ages  of  10  and  15^2  years, 
measured  values  of  the  average  surface  widths 
of  numerous  cracks  were  obtained  in  the  man- 
ner described.  Figure  7  shows,  for  each  of  the 
two  ages,  the  relation  established  by  plotting 
values  obtained  in  the  heavily  traveled  lane 
against  corresponding  percentages  of  longi- 
tudinal reinforcement.  Each  plotted  value 
represents  an  average  of  a  number  of  fractures 
that  formed  at  an  early  age  in  the  central  area 
of  the  longest  section  of  a  group  of  similarly 
reinforced  sections. 

Comparisons  available  in  figure  7  indicate 
that  the  surface  widths  of  cracks  tend  to  de- 
crease with  an  increase  in  the  amount  of  longi- 
tudinal steel  in  spite  of  the  fact  that  the 
heavier  the  reinforcement  the  longer  the  length 
of  section.  As  expected,  the  surface  widths 
of  cracks  tend  to  increase  with  pavement  age. 
It  is  of  interest  to  note,  however,  that  during 
the  last  5}i  years  the  rate  of  surface  raveling 

PUBLIC  ROADS  •  Vol.  28,  No.  6 


120  160  200 

SECTION    LENGTH-FEET 


320 


I    -j   DIAMETER 
H    STEEL  BARS 


p|M  IP 

0        12       3       4       5       6 

■ 


149-POUND 
1    WIRE  FABRIC 


91-POUND    ( 
WIRE  FABRIC! 


</  at  an  early  aj<    in 


ri"iire  6 Surface  condition  at   cracks  typical  of  those  thai  deve 

the  centra!  portion  of  the  longest  section  of  each  group  of  similarly  reinforced  sections 
(these  were  in  the  heavily  traveled  lane,  after  15^/2  years  of  service). 

131 


0.6  0.8  1.0  1.2 

PERCENTAGE  OF  LONGITUDINAL  STEEL 


Figure  7. — Effect  of  percentage  of  longitudinal  steel  and  pavement  age  on  the  surface 
widths  of  cracks.  The  values  shown  are  of  fractures  that  occurred  at  an  early  age  in 
the  central  portion  of  sections  in  the  heavily  traveled  lane. 


of  the  selected  cracks  in  the  more  heavily 
reinforced  sections  has  been  higher  than  that 
of  the  selected  cracks  in  the  shorter  sections 
containing  the  lighter  reinforcement.  This 
trend  is  the  opposite  of  earlier  developments 
but,  at  present,  seems  to  have  little  signifi- 
cance. 

Damage  and  Maintenance  of  Cracks 

Concrete  deterioration,  other  than  the  nat- 
ural raveling  and  wearing  just  reported,  was 
extremely  rare  at  all  cracks  held  closed  by 
continuous  reinforcement.  Of  the  few  cases 
of  more  than  superficial  damage  observed  at 
the  cracks,  the  worst  is  pictured  in  figure  8. 
This  type  of  damage,  classified  as  surface 
spalling,  was  first  noticed  during  the  15^-year 
performance  survey. 

Surface  scaling  is  another  type  of  pavement 
distress  that  was  first  observed  during  the  last 
survey.  Currently,  the  scaling  is  confined  to 
scattered  pavement  areas,  is  light  in  depth, 
and  appears  to  be  more  prevalent  in  the  im- 
mediate vicinity  of  cracks  and  joints  than 
elsewhere. 

With  reference  to  scaling,  it  should  be  men- 
tioned that  during  the  last  four  winters  cal- 
cium chloride,  as  an  additive  to  sand  or  cinders 
for  ice  control,  has  been  applied  to  the 
experimental  pavement  in  indeterminate 
amounts  whenever  conditions  warranted  its 
use.  The  light  scale  observed  in  1951  may 
have  been  caused  by  t  his  I  real  ment.  Whether 
or  not  the  many  transverse  cracks  will  acceler- 
ate its  development  can  be,  for  the  pre  i 
only  a  matter  of  speculation. 

With  the  exception  of  isolated  cases  of 
ting,  such  as  that  shown  in  figure  8,  if  is 
the  opinion  of  all  those  who  have  examined 
critically  the  more  heavily  reinforced  sections 
that  the  inconsequential  surface  wid 
the  fineness  of  the  transverse  crac 
selves  definitely  preclude  the  need  for  bi- 
tuminous   maintenance.       Opinion    has    I 
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divided,  however,  with  respect  to  maintenance 
of  the  closed  cracks  in  the  sections  containing 
the  more  conventional  amounts  of  reinforce- 
ment. 

Performance  and  Limitation    of 
Reinforcemen  t 

For  many  years  the  required  amount  of 
longitudinal  steel  reinforcement  for  pavement 
sections  has  been  computed  by  an  analytical 
method  based  on  the  possible  maximum  tensile 
stress  that  could  be  induced  in  the  steel  by 
subgrade  resistance  during  contraction  of 
fractured  sections.  In  the  application  of  this 
method    to    the    design    of   the    experimental 


sections  it  was  assumed  that  subgrade  re- 
sistance would  be  constant  and  could  be 
expressed  as  a  coefficient  equal  to  l}i  times 
the  weight  of  the  pavement.  On  this  basis, 
the  section  lengths  given  in  table  1  would 
develop  the  listed  calculated  maximum 
stresses  in  the  steel,  and  the  yield-point  values 
that  were  anticipated  for  each  of  the  three 
types  of  reinforcement  would  have  been  ap- 
proached closely  in  the  longest  section  of  each 
group.  This  was  expected  to  produce,  under 
repeated  stressing,  inelastic  elongation  and 
possible  breakage  of  the  steel  with  a  conse- 
quent opening  of  the  cracks. 

However,  the  performance  survey  at  the 
end  of  15}£  years  showed  that  all  percentages 
of  longitudinal  steel  of  0.17  and  greater  had 
been  able  to  maintain  in  a  closed  condition  all 
cracks  in  their  respective  group  of  sections. 
It  is  apparent,  therefore,  that  the  design 
assumptions  of  the  experimental  sections 
were  too  conservative  to  determine,  as  was 
intended,  the  limiting  length  of  section  for 
each  of  the  selected  steel  sizes  shown  in  table  1. 
Comparisons  were  further  complicated  by  the 
fact  that  tests  on  the  steels  used  showed  that, 
in  general,  the  yield-point  values  were  con- 
siderably higher  than  had  been  anticipated. 

As  observed  in  table  1,  the  longitudinal 
steel  incorporated  in  the  various  sections 
ranged  from  0.07  to  1.82  percent,  or  from  a 
minimum  equivalent  to  the  lightest  used  in 
pavement  design  to  a  maximum  exceeding 
any  other  known  pavement  installation. 

After  15^  years  of  service  the  performance 
of  the  sections  containing  the  maximum  per- 
centage of  steel  indicated  definitely  that 
longitudinal  reinforcement,  when  positioned 
near  the  mid-depth  of  the  pavement  slab,  can 
be  used  in  very  large  amounts  without  danger 
of  cracking  above  the  members,  failures 
caused  by  buckling,  or  disintegration  of  the 
surrounding  concrete. 
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-e  8.— Extreme  case  of  spoiling  at  a  crack  in  a  section  reinforced  with  heavy  steel  bars. 
Even  minor  spoiling  at  such  cracks  is  unusual. 
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Figure  9. — Cracks  at  which  the  reinforcing  steel  failed.     Steel  failures  in  the  heavily  traveled  Itme  were  generally  followed  by  pumping 

and  faulting. 


As  implied  earlier,  a  number  of  open  cracks, 
indicative  of  steel  failures,  developed  in  sec- 
tions containing  the  lighter  percentages  of 
longitudinal  steel  (0.11  and  0.07  percent). 
Figure  9  shows  two  of  these  failures  that  ap- 
peared in  the  heavily  traveled  lane  sometime 
between  the  10-year  and  15}i-y ear  performance 
surveys.  In  this  lane,  pumping  and  faulting 
developed  rapidly  after  the  cracks  opened  and 
bituminous  maintenance  was  soon  needed  to 
alleviate  surface  roughness. 

The  development  of  steel  failures  in  the 
sections  containing  longitudinal  reinforce- 
ment of  0.11  percent  or  less  is  shown  in  table  3. 
Of  interest  is,  first,  the  length  of  time  re- 
quired for  the  steel  to  rupture  after  a  crack 
had  formed  and,  second,  the  fact  that  section 
length  exerted  little  influence  on  the  occur- 
rence of  the  ruptures. 


As  indicated  in  table  3,  steel  failures  were 
first  observed  during  the  8-year  performance 
survey.  At  that  time  three  breaks  were  noted 
in  the  heavily  traveled  lane,  all  at  cracks  in 
sections  reinforced  with  the  32-pound  wire 
fabric  (0.07  percent  longitudinal  steel).  Al- 
though two  of  these  cracks  were  present  at 
pavement  age  of  1  year  and  the  other  at  5  years 
the  steel  did  not  fail  until  sometime  between 
the  fifth  and  eighth  years.  At  the  end  of 
153-2  years  of  service,  seven  additional  steel 
failures  were  observed  in  the  sections  contain- 
ing the  32-pound  wire  fabric,  four  at  cracks 
in  the  heavily  traveled  lane  and  three  at 
cracks  in  the  passing  lane.  Two  of  the  cracks 
in  the  heavily  traveled  lane  were  present  at 
pavement  age  of  5  years  and  the  other  two  at 
10  years,  whereas  two  of  the  cracks  in  the 
passing   lane   were   first   seen   at   the   end   of 


1  year  and  the  other  at  10  years.  Of  the 
cracks  at  which  steel  breakage  was  found, 
three  were  in  30-,  three  in  40-,  and  four  in 
50-foot  sections. 

The  steel  failures  that  occurred  at  cracks  in 
sections  reinforced  with  !4-inch  diameter 
rail-  and  billet-steel  bars  (0.11  percent  longi- 
tudinal steel)  took  even  longer  to  develop 
than  those  in  sections  containing  the  32- 
pound  wire  fabric. 

AH  of  the  five  failures  in  these  sections  were 


Table  3. — Steel  failures  at  cracks  in  the 
experimental  sections 


Failure  location 

Year  after  construc- 
tion '  when — 

Section 
length 

Feet 

Pavement  lane 

Crack 

first 
observed 

Steel 

failure 

first 

observed 

Outer 

Inner 

Sections  Containing  32-Pound  Welded-Wire 
Fabric 

30 
30 
30 

40 
40 
40 

50 
50 
50 
50 

X 
X 

X 
X 

X 
X 
X 

X 
X 

X 

5 

10 
10 

1 
5 
1 

1 
5 
10 

1 

8 

15.' 2 

8 

15^ 

s 

l.V, 
15H 
15H 

Sections  Containing  J4-Inch-Diameter 

Billet-Steel  Bars 

20 
40 

X 
X 

3 

10 

15'  i 

Sections  Containino  H-Inch-Diameteb 
Rail-Steel  Bars 

60 

80 
80 

X 
X 

X 

1 

5 

5 

15M 

Figure  10. — The  bridge-type  joint ,  and  early  pumping  at  such  a  joint. 
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i  Perform  wi  re  made  shortly  after  construc- 

tion and  at.  the  end  Of  1,  3,  5,  8,  10,  and  15>2  years. 
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Figure  II. — Condition  after  15^/2  years  of  a  double  bridge-type  expansion  joint,  typical  of 
the  majority.  Loosening  of  the  steel  cover  plate,  pumping,  and  faulting  developed 
at  an  early  a^e  at  most  of  these  joints  in  the  heavily  traveled  lane. 


firsl  observed  during  the  LV-ycar  perform- 
ance survey.  Four  were  a1  cracks  in  the 
heavily  traveled  lane  and  one  at  a  crack  in 
I  he  passing  lane.  One  of  these  cracks  was 
present  at  pavement  age  of  1  year,  one  at  3. 
two  at  5,  and  the  fifth  at  10  years.  Of  the 
five  steel  failures  (three  for  rail  steel  and  two 
for  billet  steel),  one  each  occurred  in  the 
group  of  20-,  40-,  and  60-foot  sections  and 
two  occurred  in  the  group  of  80-foot  sections. 
The  crack  survey  data  provide  a  compari- 
son between  the  behavior  of  the  longitudinal 
steel  in  the  sections  containing  the  32-pound 
wire  fabric  and  the  longitudinal  steel  in  the 
sect  ions  containing  t  he  slight  ly  heavier  '  [-inch 
diameter  rail-  and  billet-steel  bars.  At  the 
time  of  the  5-year  survey,  six  cracks  had 
formed  in  the  heavily  traveled  lane  of  the 
sections  reinforced  with  the  32-pound  wire 
fabric  and  nine  such  cracks  had  formed  in 
the  sections  reinforced  with  the  Vinch 
diameter  steel  bars.  The  15' -..-year  perform- 
ance survey  indicated  that  the  reinforcemenl 
had  failed  ai  five  of  the  six  cracks  referred  to 
in  the  sections  reinforced  with  the  wire  fabric 
while,  in  contrast,  the  reinforcement  had 
failed  at  only  three  of  the  nine  cracks  thai  had 
occurred  during  the  fust  .">  years  in  the  sec- 
tions reinforced  with  the  steel  bars.  This 
difference  in  performance  is  probably  a  reflec- 
tion of  the  difference  in  the  percentage  of 
longitudinal  steel  in  the  two  groups  of  sections. 
It  i>  evident  from  table  I  that  sect  ions  re- 
inforced with  the  45-pound  wire  fabric  con- 
tain the  same  percentage  of  longitudinal  steel 
as  those  reinforced  with  the  [4-inch  dian 
bar-.  At  the  end  of  I.V:.  year-  only  four 
crack-  were  observed  in  the  sections  contain- 
ing the  45-pound  wire  fabric.  Crack  survev 
data  disclose  that  one  of  these  was  firsl  seen 
ai  the  end  of  5  years,  two  at  10  years, 
the  fourth  a1  I ','  ,<  ar  .  Ml  .  >  re  in  cl 
condil 
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The  exact  cause  or  causes  of  the  steel  failures 
which  have  been  described  are  not  known. 
However,  their  occurrence  irrespective  of  sec- 
tion length  and  their  predominance  in  the 
heavily  traveled  lane,  despite  tie-bars  in  the 
longitudinal  joint,  point  to  repeated  stresses 
induced  by  traffic  loads  as  a  major  factor  in 
their  development.  The  nature  of  the  failures 
suggests  the  need  for  extreme  caution  and  a 
consideration  of  the  possible  effects  of  live-load 
stresses  in  the  use  of  longitudinal  reinforce- 
ment  as  light   as  0.1  1   percent. 

Development  and  Effect  of  Pumping 

By  the  end  of  15^  years,  pumping  had 
affected  various  parts  of  the  experimental 
pavement.  In  the  following  discussion  of  this 
development  it  will  be  of  interest  to  keep  in 
mind  the  steady  increase  in  traffic  volume 
recorded  during  the  life  of  the  experimental 
sections  (fig.  1). 

Bridge-type  expansion  joints     «, 

Early  in  the  life  of  the  pavement,  pumping 
began  to  appear  at  some  of  the  bridge-type 
expansion  joints  (fig.  10)  which  were  designed 
to  provide  the  wider  openings  between  the 
longer  sections.  These  joints  had  no  effective 
means  of  load  transfer,  except  the  steel  cover 
plate,  and  consequently,  under  traffic,  per- 
mitted slab  deflections  considerably  larger 
than  those  occurring  at  any  other  part  of  the 
constructed  pavement.  After  5  years  of  serv- 
ice many  of  the  joints  of  this  type  were  pump- 
ing, faulting  was  noticeable,  and  flexural 
cracking,  caused  by  loss  of  subgrade  support 
through  pumping,  had  occurred  in  the  end 
areas    of    several    sections.     At    15}i    years, 

nearly    all    of    the    bridge-type    joints    in     the 

i  traveled  lane  were  subject  .to  pumping 
and,  at  many,  flexural  cracking,  serious  settle- 
ment,   and   severe   faulting  of  the   slab   ends 


had   developed.     Of  all   companion   joints   in    ' 
the   passing   lane,   however,   only   three   were 
affected  by  pumping. 

Figure  11  illustrates  typically  the  general 
condition  of  the  pavement  existing  at  the 
majority  of  the  double  bridge-type  expansion 
joints.     When  the  photograph  was  taken,  in 


(iie  = 


the  spring  of   1954,   most  of  the  double  and    !l 
many   of   the   single   bridge-type   joints   were 
sources  of  acute  surface  roughness  in  spite  of 
rather  extensive  maintenance.     At  15^  years 
these    joints    had    reached    the    stage    where 
major  repairs  were   badly  needed   and   such 
repairs    were    on    immediate    schedule.     Al- 
though   the   action    of   pumping    contributed 
materially    to    the    poor    condition    of    these 
joints,  it  must  be  recognized  that  all  joints, 
regardless  of  type,  which  separate  long  sec-    " 
tions,   undergo   large   changes   in   width   and,    | 
even   when    pumping   is    controlled,    are   sus- 
ceptible to  functional  defects  which  contribute 
to  surface  roughness. 


A< 


Doweled  expansion  joints 

Seven  years  after  construction,  incipient 
pumping  appeared  at  several  of  the  conven- 
tional doweled  expansion  joints  which  separate 
the  shorter  sections.  The  provision  for  load 
transfer  in  the  joints  consisted  of  %-ineh 
diameter  dowels  spaced  at  12-inch  centers. 
After  10  years,  pumping  was  observed  at  a 
number  of  these  joints,  but  the  action  was 
still  so  slight  that  faulting  was  negligible  and 
flexural  cracking  of  the  slab  ends  had  not 
occurred.  At  the  end  of  15}£  years,  however, 
the  performance  survey  showed  that  pumping 
at  the  doweled  joints  in  the  heavily  traveled 
lane  had  progressed  to  the  point  of  causing 
considerable  structural  damage.  Evidence  of 
pumping  was  observed  at  more  than  half  of 
the  joints,  approximately  one-third  had 
pumped  to  the  extent  that  flexural  cracking 
had  developed  in  the  slab  ends,  and  faulting, 
as  much  as  }{  inch,  was  present  at  the  outside 
corners  of  several.  In  contrast,  pumping  was 
completely  absent  and  faulting  was  negligible 
at  the  same  type  of  joint  in  the  passing  lane. 

In    concluding   the   discussion   of   pumping 
and  expansion  joints,  it  is  of  special  interest  t< 
note    that    a    comparison    of    the    described 
service  performances  of  the  bridge-type  joints 
and  the  doweled  joints  indicates  that   load- 
transfer   devices   have    considerable   value   ini 
resisting  and  delaying  the  action  of  pumping.] 
It  is  also  of  interest  that  all  percentages  oi 
longitudinal  reinforcing  steel  of  0.11  or  greatei 
have,  thus  far,  held  closed  all  fractures  that! 
occurred,  as  a  result  of  pumping,  in  the  pave- 
ment areas  adjacent  to  the  various  expansion! 
joints. 

Construction  joints 

Construction  joints  constit  ute  another  struc-l 
tural  feature  that  has  been  affected  by 
pumping.  Essentially,  two  types  of  construc-j 
lion  joints  were  used  in  the  experimental! 
pavement:  one  type  in  the  sections  reinforcedjj 
with  the  welded  wire  fabric;  the  other  in  tin 
sections  reinforced  with  the  deformed  bars, 
In  the  first,  the  wire  fabric  ended  at  the  header; 
board  and  ^-inch-diameter  deformed  tie-barsJ 
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4  feet  long  and  spaced  at  2-foot  centers,  were 
installed  to  hold  the  adjoining  slabs  together. 
In  the  second,  the  bar  reinforcement  was 
extended  through  the  header  board. 

Of  11  construction  joints  of  the  first  type, 
the  l5)£-year  survey  of  the  heavily  traveled 
lane  showed  that  (1)  five  joints  were  subject 
to  pumping,  one  to  the  extent  of  flexural 
cracking,  (2)  widths  ranged  from  tightly 
closed  to  %  inch,  (3)  faulting  had  developed 
at  nearly  all,  the  maximum  being  %  inch,  and 
(4)  moderate  surface  spalling  of  the  edges 
requiring  some  maintenance  was  present  at 
the  majority.  In  the  passing  lane  pumping 
had  not  appeared  at  any  of  the  joints,  but 
widths  were  consistent  with  those  in  the 
heavily  traveled  lane  and  slight  faulting  and 
minor  spalling  had  developed.  Figure  12 
shows  the  conditioi'  at  one  of  these  joints 
which,  as  may  be  observed,  had  opened 
appreciably.  Apparently  the  tie-bars  crossing 
this  type  of  joint  did  not  develop  sufficient 
bond  or  lacked  the  Strength  to  perform  prop- 
erly their  intended  function  of  maintaining 
adjoining  slabs  in  close  contact. 

Under  the  same  conditions  22  of  the  25 
construction  joints  of  the  second  type — that 
is,  those  containing  continuous  reinforce- 
ment— were  found  to  be  structurally  sound, 
tightly  closed,  and  free. from  pumping.  The 
condition  of  the  pavement  at  one  of  these 
joints,  installed  in  the  central  portion  of  a 
section  reinforced  with  1-inch  diameter  bars, 
is  shown  in  figure  13. 

Of  the  three  unsound  construction  joints  of 
the  second  type,  one  each  was  located  in  sec- 
tions reinforced  with  }i-,  %-,  and  J-a-inch 
diameter  billet-steel  bars.  All  three  of  the 
joints  were  open  %  to  }i  inch,  indicating  failure 
of  the  reinforcing  steel  crossing  them  and,  in 
the  heavily  traveled  lane,  all  had  pumped  and 
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Figure  12. — Condition  after  15l/2  years  of  a  construction  joint  in  sections  reinforced  with 
wire  fabric.      Tie  bars  were  used  to  hold  adjoining  slabs  together. 


faulted.  These  joint  failures  occurred  some- 
time after  the  tenth  year  of  pavement  life. 
Quite  perplexing  is  the  failure  that  occurred 
at  the  construction  joint  in  the  section  rein- 
forced with  the  }£-inch  diameter  bars  (0.45 
percent  longitudinal  steel).  This  joint  was 
located  only  69  feet  from  the  end  of  a  270-foot 
seel  ion. 

Inspection  of  the  pavement  in  the  vicinity 
of  all  construction  joints  through  which  the 
reinforcement  was  continuous  showed  that 
these    joints    had    little    effect    on    the    crack 


Figure  13.- 
section 
joint. 


■Condition  after  15^/z  years  of  a  construction  joint  in   the  central  portion  of  a 
reinforceit  with  heavy  steel  bars.      Reinforcement  was  continuous  through  the 
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pattern  normal  to  that  part  of  the  section  in 
which  they  were  located.  This  behavior 
differs  from  the  abnormal  concentration  of 
cracking  which  has  been  observed  in  the  con- 
crete placed  immediately  ahead  of  the  joint 
in  question  when  construction  was  resumed  on 
certain  other  continuously  reinforced  pave- 
ments (5-10).  Since  there  is  evidence  that 
the  method  of  curing  might  have  exerted  some 
influence  on  the  excessive  cracking  reported  in 
the  pavement  adjacent  to  the  construction 
joints  of  the  other  researches,  it  appears 
desirable  to  mention  that  the  pavement  under 
discussion  was  cured  initially  with  wet  burlap 
and  then  wet  straw  for  a  total  of  7  days. 

Transverse  cracks 

Pumping  in  various  stages  was  noted  at  a 
number  of  the  previously  reported  open  crack- 
that  formed  in  the  sections  reinforced  with  the 
lighter  amounts  of  steel.  Specifically,  the 
15>2-vear  survey  showed  that  of  11  such 
ciacks  in  the  heavily  traveled  lane,  9  were 
subject  to  pumping,  flexural  cracking  of  the 

slab  ends   had   occurred  at  4,   and,    in   si 

cases,  faulting  was  quite  pronounced.  Of  four 
open  cracks  in  the  passing  lane,  slight  evidence 
of  pumping  was  observed  at  one.  Two  exam- 
ples of  the  condition  described  may  lie  seen 
in  figure  9. 

The  appearance  of  pumping  at  the  cracks 
shortly  after  the  reinforcing  steel  ruptured  is 
indicative  of  the  structural  weakness  result- 
ing from  this  type  of  failure  and  empha 
the  importance  of  maintaining  in  closed  condi- 
tion all  cracks  in  reinforced  concrete  sections. 

In  contrast  to  the  action  at  open  crack-, 
neither  pumping  nor  faulting  has  developed 
:;v  of  the  large  number  of  transverse  cracks 
held  closed  by  commons  reinforcement.  Con- 
sidering the  prevalence  of  pumping 
fault  in,",  elsewhere  in  tin-  pavement,  this  per- 
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Figure  14. — Condition  after  ijl/2  years:  Slab  failure  in  heavily  traveled  lane  near  center  of 
830-foot  section  reinforced  with  1-inch  rail-steel  bars.  Faulting  at  longitudinal  joint 
and  edge  pumping  preceded  structural  breakdown. 


formance  indicates  the  watertight  character 
and  the  inherent  structural  strength  of  cracks 
maintained  in  closed  condition  by  reinforc- 
ing steel. 

Longitudinal  free  edge 

Pumping  along  the  free  edge  of  the  pave- 
ment some  distance  from  the  ends  of  a  section 
was  first  observed  during  the  10-year  per- 
formance survey.  At  that  time  the  only  area 
affected  was  in  the  heavily  traveled  lane  near 
the  middle  of  an  830-foot  section  reinforced 
with  1-inch-diameter  bars.  In  the  immediate 
vicinity  of  pumping,  abnormal  raveling  or 
chipping  was  noted  at  the  surface  edges  of 
three  closely  spaced  transverse  cracks,  indi- 
cal  ing  that  the  pavement  at  that  point  had 
been  deflected  considerably  by  heavy  loads. 
The  underlying  cause  of  the  excessive  deflec- 
tion is  pointed  out  by  notes  taken  during 
construction  which  describe  the  subgrade  at 
this  point  as  soft,  spongy,  and  unstable  to 
such  an  extent  that  the  side  forms  had  to  be 
supported  by  mudsills  of  heavy  planking 
during  placement  of  the  concrete. 

Under  continued  pumping  and  deflection 
the  narrow  segments  of  the  pavement  within 
the  boundaries  of  the  three  transverse  cracks 
soon  shattered  and  the  broken  pieces  settled 
and  faulted.  In  spite  of  considerable  surface 
maintenance  this  failure  became  progressively 
'•  and  at  the  time  of  the  last  survey  had 
developed  to  the  condition  shown  in  figure 
14.  As  indicated  in  the  photograph,  the 
'i  of  the  passing  lane  is 
entirely   free  from  similar  distress. 

To  date,  the  described  failure  is  the  only 
one  of  its  nature  to  appear  in  any  of  I  lie  ex- 
perimental sections.  During  the  last,  survey. 
however,  several  areas  of  potential  trouble 
were  noted  in  the  same  section  in  which  the 
failure    developed.      The    worst    of    these 
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shown  in  figure  15.  Ty]3ical  of  the  areas  were 
an  open  and  slightly  faulted  longitudinal 
joint,  indicating  slight  settlement  of  the 
heavily  traveled  lane,  and  an  excessive  raveling 
or  chipping  of  the  edges  of  transverse  cracks, 
indicating  abnormal  and  localized  deflection 
of  the  pavement  under  heavy  loads.  Except 
for    a    complete    absence    of    pumping,    these 


areas  resemble  closely  the  early  stages  of  the  pel 
failure  just  reported. 

At  the  time  of  the  15^-year  survey,  evidence 
of  pumping  was  observed  at  four  additional  nil 
locations  along  the  free  edge  of  the  pavement,  f 
all  being  in  the  heavily  traveled  lane  of  rela 
tively  long  sections.  The  action,  however,  i« 
had  been  very  slight  and  the  pavement  in  the  I 
areas  was  by  no  means  in  immediate  struc 
tural  jeopardy.  Figure  16  shows  the  most  i[ 
advanced  stage  of  edge  pumping  observed  atj  p 
any  of  the  locations.  An  exceptionally  low 
shoulder  existed  at  all  four  of  the  pumping  i  tli 
locations  and  three  of  the  four,  like  that  of  the  si 
photograph,  were  within  100  feet  of  the  ends 
of  long  sections  where  transverse  cracking  was 
minimum. 


j»rlJ: 
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Effect  of  Traffic 


Throughout  the  report,  reference  has  been  * 
made  repeatedly  to  either  the  heavily  traveled  J 
or  the  passing  lane.  Consequently,  it  is 
probably  needless  to  recall  that  the  experi- 
mental two-lane  pavement  is  one-half  of  a 
rural,  divided  highway;  and,  typically,  the 
outer  lane  carries  the  greater  number  of 
vehicles  and  practically  all  of  the  heavy 
trucks,  the  inner  lane  being  used  largely  for 
passing.  Such  a  distribution  of  traffic  naturally 
provides  an  excellent  opportunity  to  observe 
the  effect  of  repetition  of  heavy  loads  on  the 
structural  performance  and  condition  of  the 
various  sections. 


Development  of  cracking 

The  10-year  crack  survey  showed  that  53 
percent  of  the  transverse  cracks  then  present 
in  both  lanes  of  the  pavement  had  formed  ii 
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Figure  15. — Condition  after  15l/2  years:  Potential  failure  in  the  central  portion  of  830  -foot 
section  reinforced  with  1-inch  rail-steel  bars.  Slight  faulting  at  the  longitudinal 
joint  indicates  settlement,  of  the  neavily  traveled  lane.  This  development  is  approxi- 
mately 50  feet,  east  of  the  failed  area  shown  in  figure  14. 
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he  heavily  traveled  outer  lane.  A  similar 
urvey  at  the  end  of  15J4  years  indicated 
hat  (1)  of  the  total  number  of  cracks  in  trie 
rentral  area  of  the  1,310-foot  section,  only  .">l 
>ercent  were  in  the  heavily  traveled  lane 
md  (2)  of  the  total  number  of  cracks  (those 
:aused  by  pumping  omitted)  in  all  sections  of 
!00  feet  and  less,  60  percent  were  in  the 
leavily  traveled  lane.  Thus  it  appears  thai 
•epetition  of  traffic  loads  has  exerted  sonic 
nfluence  on  the  development  of  transverse 
•racks,  particularly  in  the  shorter  sections, 
[n  the  restrained,  multifractured  central 
•egions  of  long  sections  the  influence  is  verj 
slight,  however. 

surface  widths  of  cracks 

In  all  of  the  later  crack  surveys  it  has  been 
mite  apparent  that  the  greater  volume  of 
iraffic  using  the  outer  lane  causes  considerably 
liore  raveling  and  wearing  of  the  edges  of  the 
ransverse  cracks  than  the  lighter  traffic  on 
he  passing  lane.  From  data  obtained  at  the 
md  of  15}£  years,  figure  17  was  prepared  to 
:ompare  the  effect  of  traffic  on  the  surface 
widths  of  cracks  measured  in  the  two  lanes 
)f  the  pavement.  As  indicated  by  the  figure, 
me  difference  between  lanes  is  appreciable, 
;he  average  surface  widths  of  cracks  in  the 
leavily  traveled  lane  being  approximately 
ihree  times  those  of  companion  cracks  in  the 
)assing  lane.  In  addition  to  the  described 
iifference  in  crack  raveling,  all  spalling,  such 
is  that  shown  in  figure  8,  is  confined  to  the 
heavily  traveled  lane. 

Pumping 

Since  one  of  the  conditions  necessary  for 
the  development  of  pumping  is  the  repetition 
of  heavy  loads,  it  is  natural  to  expect  that 
evidence  of  pumping  would  be  most  pro- 
nounced in  the  lane  of  the  experimental  pave- 
ment carrying  the  greater  number  of  heavy 
trucks.  A  review  of  reported  data  discloses 
that  rather  serious  pumping  developed  at  a  con- 
siderable number  of  transverse  joints  and  open 
cracks  in  the  heavily  traveled  lane  in  contrast 
to  only  four  cases  of  slight  pumping  action  at 
such  points  in  the  passing  lane.  From  this  it 
might  be  concluded  that  the  need  for  pro- 
visions to  prevent  or  control  pumping  is 
greater  for  the  heavily  traveled  lanes  of 
divided  highways  than  for  the  passing  lanes. 

The  difference  in  the  present  condition  of 
the  two  lanes  of  the  experimental  pavement 
indicates  an  inherent  difference  in  the  struc- 
tural requirements  of  the  inner  and  outer  lanes 
of  the  pavement  on  divided  highways  and 
suggests  the  possibility  of  differences  in  design 
to  compensate  for  the  characteristic  distri- 
bution of  traffic  on  that  type  of  pavement. 

Pavement  Smoothness 

Since  the  advent  of  the  automobile  the 
general  public  has  been  deeply  interested  in 
the  riding  quality  of  the  roads  over  which  it 
travels.  Each  vehicle  affords  a  means  for 
evaluating  and  comparing  the  smoothness  or 
roughness  of  pavements  and  every  motorist 
has  become  a  critic  of  riding  comfort.  As  a 
result,  a  continuous  smooth  riding  surface  is  a 
requisite    of    modern    highways    and,    within 
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Figure  16.— Early  stage  of  edge  pumping  observed  at  pavement  age  of  151/i  years.  This 
condition  developed  over  a  50-foot  length  near  the  east  end  of  a  long,  heavily  reinforced 
section.      The  arrows  point  to  tiny  pump  holes. 


economic  limits,  the  common  goal  of  all  pave- 
ment design. 

During  the  last  survey,  motoring  at  legal 
speed  over  the  experimental  pavement  re- 
sulted in  the  following  impressions:  Starting 
in  the  heavily  traveled  lane  and  at  the  begin- 
ning of  a  long  section,  the  ride  was  pleasantly 
smooth  with  only  an  occasional  faint  sensation 
of  dipping.  At  the  first  double  bwidge-type 
joint,  however,  an  abrupt  jolt  or  shoek  accom- 
panied by  vehicle  vibrations  was  felt.  Smooth 
riding  continued  again  until  another  joint  of 
similar  type  was  encountered.  Passing  on  to 
the  intermediate-length  sections  separated  by 
the  single  bridge-type  joints,  the  impressions 
just  described  were  repeated  but  on  a  more 
moderate  scale,  the  effect  of  joint  roughness 


being  less  but  at  closer  intervals.  Continuing 
to  shorter  sections  and  the  conventional 
expansion  joints,  a  slight  bump  and  pitching 
motion  was  felt  at  some  of  the  joints,  and  at 
nearly  all  of  them  an  annoying  clicking  sound 
was  heard,  suggesting  that  the  sealing  mate- 
rial was  no  longer  flush  with  the  surface  of 
the  pavement.  Travel  over  the  very  short, 
lightly  reinforced  sections  containing  open 
cracks  was  accompanied  by  a  succession  of 
light  bumps  and  slight  pitching. 

In  motoring  over  the  passing  lane,  it  was 
noted  that  disturbances  at  most  joints  were 
far  less  severe  than  those  encountered  at 
adjacent  joints  in  the  heavily  traveled  lane. 
In  contrast,  however,  with  the  exception  of 
damaged  areas,  there  was  no  impression  of  a 
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Figure  17.— Effect  of  traffic  on   the  surface  widths  of  cracks  at  pavement   age  of  151/2 

years. 
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Table  I. — Comparison  of  the  roughness 
indexes  of  the  various  groups  <>f  similarly 
reinforced  sections  with  the  average  index 
of  the  pavement  between  joints  of  the 
long,  heavily  reinforced  sections  ' 


Ratio     of    roughness 

el  ion 

■.    of    a    given 
group  of  sections  to 

that    of    pavement 

1    'Up 

between     joints     of 

avci 

Feet 

i  ion 

/'l  !<' 

long  sections 

Outer  lane 

Inner  lane 

viaimv;   Rail -Steel  Bars 

960 

1 .  82 

1.  1:1 

1.0:1 

540 

1.02 

1.  1:1 

1.0:1 

240 

.45 

1.2:1 

1.0:1 

133 

.  26 

1.0:1 

1.0:1 

- 

.11 

1.3:1 

0.9:1 

SECTION'S   CONTAININR    BlLLET-STEEL   BARS 

720 

1.82 

1.1:1 

1.0:1 

405 

1.02 

1.1:1 

0.9:1 

ISO 

.45 

1.2:1 

1.0:1 

100 

.26 

1.2:1 

1.0:1 

43 

.11 

1.3:1 

1.0:1 

Sections  Containino  Welded-Wire  Farric 

223 

0.42 

1.2:1 

1.0:1 

14S 

.28 

1.1:1 

1.0:1 

125 

.24 

1.  1:1 

1.2:1 

90 

.  17 

1.1:1 

1.2:1 

55 

.  11 

1.1:1 

1.0:1 

35 

.07 

1.4:1 

1.4:1 

1  All  roughness  indexes  were  determined  at  pavement  age 
of  15i'2  years. 


difference  between  lanes  in  the  riding  quality 
of  the  pavement  other  than  at  the  joints. 

From  the  motorist's  viewpoint  the  long 
.stretches  of  pavement  between  the  expansion 
joints  of  the  heavily  reinforced  sections  left 
little  to  be  desired  in  riding  comfort,  indicating 
that  the  many  cracks  that  formed  in  these 
sections  have  not  affected  the  surface  smooth- 
ness of  the  pavement. 

Another,  more  analytical  approach  to  the 
relative  riding  quality  of  the  various  sections 
was  provided  by  the  road  surface  roughness 


indicator  developed  some  years  ago  by  the 
Bureau  of  Public  Roads  {11).  With  this 
device  if  is  possible  to  compare  the  surface 
roughness  of  sections  or  groups  of  sections 
by  means  of  an  index  expressed  in  inches 
per  mile. 

At  the  end  of  151  •  years,  roughness  indexes 
were  obtained  for  each  group  of  similarly 
reinforced  sections  listed  in  table  1.  In 
addition,  a  weighted  average  index  was 
established  for  the  pavement  located  between 
the  joints  of  the  long,  heavily  reinforced 
sections  by  excluding  50  feet  of  pavement 
on  each  side  of  the  transverse  joints  separating 
these  sections.  This  index  should  approxi- 
mate closely  that  which  would  have  been 
obtained  had  these  sections  been  constructed 
as  continuously  reinforced  pavement  without 
joints. 

The  results  of  the  15>^-year  roughness 
survey  are  given  in  table  4.  In  this  table  the 
indexes  determined  for  each  of  the  various 
groups  of  similarly  reinforced  sections  are 
compared  with  the  index  representative  of 
continuous  pavement  without  joints.  The 
section  length  listed  in  the  first  column  of  the 
table  is  the  average  of  the  range  in  section 
lengths  included  in  each  group  of  sections  and 
indicates  the  average  spacing  of  transverse 
joints. 

It  is  apparent  in  table  4  that,  in  spite  of  a 
rather  narrow  range  in  the  surface  roughness 
of  the  various  groups  of  sections,  certain 
trends  exist  which  support  the  impressions 
previously  described.  For  example,  in  the 
outer,  heavily  traveled  lane,  the  roughest 
pavement  surface  is  shown  for  the  groups  of 
very  short  sections  reinforced  with  the  lightest 
amount  of  each  type  of  steel.  As  discussed 
earlier,  open  cracks  developed  in  the  sections 
of  these  groups.  Also,  in  the  same  lane, 
the  ratios  for  the  groups  of  long,  heavily 
reinforced  sections  reflect  the  roughness 
existing  at  the  bridge-type  joints;  whereas 
those  for  the  groups  of  shorter  sections 
indicate  that  the  surface  of  the  basic  pavement 
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Table    5. — Distinguishing    features    of    th 
four  500-foot  special  sections  s 


Length 
of  section 

Spacing  of 
weakened- 
plane joints 

Type  of  weakened- 
plane  joint 

Weight  of 
reinforce- 
ment 

Feet 
500 
500 
500 
500 

Feet 
10 
10 
10 
10 

Surface-groove 

do.. 

Submerged.. _ 

do 

Lb.  per  100 
sq.  ft. 
91 
45 
91 
45 

i  Bond  between  the  steel  and  concrete  was  purposel; 
destroyed  for  18  inches  on  each  side  of  each  joint.  Shea 
bars  consisting  of  54-inch  diameter  dowels,  18  inches  long 
spaced  at  12-inch  centers,  were  placed  in  one-half  of  eacl 
of  the  four  sections.  Copper  seals  enveloped  the  botton 
parting  strips  of  the  submerged  type,  weakened-plane  joints 


with  its  large  number  of  transverse  cracks  i 
somewhat  smoother  than  that  of  pavemen 
containing  conventional  expansion  joints.  Ii 
the  inner  or  passing  lane,  the  majority  of  tin 
groups  of  sections  have  the  same  surfact 
smoothness  as  that  of  the  basic  pavement 
suggesting  that,  under  certain  conditions 
pavements  with  expansion  joints  can  retail 
surface  smoothness  equal  to  those  of  con 
tinuously  reinforced  pavements  without  joints 
Another  interesting  relation  disclosed  bj 
the  roughness  indexes  determined  at  the  enc 
of  15^  years,  but  not  apparent  in  table  4,  is  th< 
fact  that  the  pavement  located  between  tin 
joints  of  the  long  sections  in  the  heavih 
traveled  lane  was  of  approximately  the  sam< 
smoothness  as  that  of  companion  pavemen! 


in  the  passing  lane,  in  spite  of  the  fact  tha 
the  surface  widths  of  the  cracks  in  the  heavih 
traveled  lane  were,  on  the  average,  three  time: 
those  in  the  passing  lane. 

Behavior  of  Special  Sections 

It  may  be  recalled  that  four  special  500-foot 
sections  containing  weakened-plane  joints  ai 
10-foot  intervals  were  included  in  the  experr 
mental  pavement  to  develop  information  or 
the  practicability  of  a  design  in  which  trans 
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(2  years  of  weakened -plane  joints,  typical  of  those  containing  shear  bars  and  continuous,  structurally^ 
sound  91 -pound  wire  fabric. 


138 


February  1955  •  PUBLIC  ROADS 


en 


SURFACE 
TYPE 


SUBMERGED 
TYPE 


Fii-iii 


■Condition   after  15  1/2  years  of  weakened-plane  joints,  typical  of  those  without  shear  bars  and  at  which  the 

reinforcing  steel  failed. 


verse  crack  control  is  effected  through  the  use 
of  short  constructed  slabs  with  pavement 
continuity  provided  by  continuous,  relatively 
lightweight,  longitudinal  reinforcement.  As 
explained  in  earlier  reports,  the  basic  feature 
of  the  proposed  design  is  the  deliberate  break- 
ing of  the  bond  between  the  steel  and  the 
concrete  for  a  distance  of  18  inches  on  each 
side  of  each  joint.  Through  this  feature  the 
reinforcing  steel  can  elongate  appreciably  at 
each  joint  without  exceeding  its  yield  point, 
making  it  possible,  during  contraction  periods, 
to  provide  a  certain  degree  of  relief  from  tensile 
stresses  induced  by  subgrade  resistance.  For 
example,  during  a  sudden  drop  in  pavement 
temperature  when  subgrade  resistance  is  rel- 
atively great,  the  reinforcing  steel  can  elongate 
and  permit  the  slab  units  to  contract  about 
their  individual  centers.  Then,  subsequently, 
when  the  resistance  subsides,  the  steel  can 
contract  and  draw  the  units  together. 

The  distinguishing  features  of  the  four 
special  500-foot  sections,  together  with  general 
design  details,  are  given  in  table  5.  The 
performance  of  these  sections  was  expected  to 
furnish  information  on  (1)  the  overall  effect  of 
purposely  destroying  the  bond  between  the 
steel  and  the  concrete  in  the  manner  described, 

(2)  the  amount  of  longitudinal  steel  necessary 
for  proper  functioning  of  the  proposed  design, 

(3)  the  benefit  of  shear  units  in  the  weakened- 
plane  joints,  and  (4)  the  relative  value  of  the 
two  types  of  weakened-plane  joints. 

With  these  objectives  in  mind,  the  four 
special  sections  were  subjected  to  a  close 
examination  during  the  15}£-year  performance 
survey. 

Surface  condition  of  joints 

Figure  18  shows  the  15}£-year  surface  con- 
dition of  the  two  types  of  weakened-plane 
joints  installed  in  the  special  sections.  The 
photographs  are  of  joints  in  the  heavily 
traveled  lane  and  the  condition  illustrated  is 
typical  of  that  now  present  at  joints  containing 
shear  bars  and  unbroken  91-pound  wire  fabric. 
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A  well-sealed  joint  of  good  appearance  is 
typical  of  the  weakened-plane  joint  of  the 
surface-groove  type.  All  structurally  sound 
joints  of  ibis  type  have  continued  in  excellent 
condition  and  have  required  little  mainte- 
nance. Their  behavior  indicates  that,  if  pave- 
ment continuity  is  maintained,  the  compara- 
tively small  length  changes  of  the  10-foot 
slabs  are  conducive  to  well-sealed  conditions. 

Likewise,  except  where  steel  failures  have 
occurred,  all  weakened-plane  joints  of  the 
submerged  type,  although  rather  unsightly 
in  appearance,  have  continued  to  remain 
in  excellent  condition  structurally.  The  frac- 
tures that  formed  above,  the  parting  strips 
of  these  joints  are,  in  general,  irregular  and 
meandering  in  character,  and,  under  exposure 
and  the  action  of  traffic,  they  have  raveled 
and  chipped  to  widths  wider  than  those  that 
developed  in  the  regular  seel  ions  reinforced 
with  comparable  percentages  of  steel.  For 
example,  at  the  end  of  I5}i  years,  the  average 
measured  surface  width  of  fractures  at 
structurally  sound  submerged  joints  con- 
taining the  91 -pound  fabric  was  approxi- 
mately 0.3  inch  in  the  heavily  traveled  lane 
or  about  twice  the  average  surface  width  of 
fractures  in  the  same  lane  of  equivalently 
reinforced,  regular  sections. 

In  contrast  to  the  favorable  condition 
found  at  the  joints  which  were  structurally 
sound  figure  19  shows  the  present  state  of 
surface  deterioration  typical  of  that  existing 
in  the  heavily  traveled  lane  at  joints,  con- 
structed without  shear  bars,  at  which  the 
longitudinal  steel  was  either  broken  or 
stressed  beyond  the  yield  point.  Wherever 
the  steel  failed  at  the  weakened-plane  joints, 
relatively  wide  separations  (up  to  %  inch) 
quickly  developed,  and  raveling  and  spalling 
increased  appreciably. 

Steel  failures 

The  results  of  that  part  of  the  15}£-year 
examination  relating  to  failures  of  the  longi- 
tudinal   steel    crossing    the    weakened-plane 


joints  are  given  in  table  6.  The  data  of  this 
table  indicate  that,  in  the  heavily  traveled 
lane,  the  reinforcement  was  cither  broken 
Or  stressed  beyond  1  he  yield  point  at  40  of 
the  196  weakened-plane  joints  incorporated 
in  the  four  special  sections.  Of  the  40  steel 
failures,  37  occurred  at  joints  without  shear 
units  (dowels)  indicating,  rather  definitely, 
that  shear  forces  caused  by  loads  passing 
over  the  joints  were  primarily  responsible 
for  the  failure.  Apparently,  the  elongation 
of  the  36-inch  length  of  unbonded  steel  at 
each  weakened-plane  joint  permitted  a  sep- 
aration of  the  slab  ends  sufficient  to  destroy 
or  reduce  whatever  shear  resistance  aggregate 
interlock  may  have  provided  and  to  transfer 
all  or  part  of  the  function  of  resisting  shear 
to  the  relatively  small  members  of  the  welded 
wire  fabric. 

Considering  only  the  37  failures  that,  oc- 
curred at  the  joints  without,  shear  units, 
it  is  noted  that  28  appeared  in  sections  rein- 
forced with  the  45-pound  and  9  in  those  rein- 
forced    with     the     91-pound     fabric.       This 


Table  6. — Steel  failures  and  pumping  at 
joints  in  the  heavily  traveled  lane  of  the 
special  sections  l  at  the  end  of  15 Vfc  years 


Weight  ol  re- 
inforcement 

Lb.  per  100 
sq.  ft. 

bars 

Number  of 
joints  \\  ilh 
steel  fail- 
ures 

Number  of 

pumping 
joints 

Surface-Type  Jon  c 

91 
91 

45 
45 

Yes   

0 

7 
0 
15 

0 
8 
2 
12 



•  0          

Submerged-Type  Joint 

91 

91 
43 
45 



No 

0 
2 
3 
13 

0 
0 
0 
2 

Yes  

No 

'  Table  gives  values  for  hair  sections.    Either  24  or  25 
joints  in  each  half  sei 
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shows    that    although    the 
provided    better  than    t ho 

45-pound  fabric,  the  Xo.  00i  res  of  the 

,  ier  fabric  vv-i  ite  to  provide 

die     shear     resist;  i  sessary     for 

structural  performance  under  conditions  such 
as  obtained  i  i  ts. 

Of  interest  is  the  fact  thai  all  of  the  three 

failures  which  occurred  al   the  doweled 

ts  in  the  heavily  traveled  lane  were  in  the 

half  of  the  section  containing  the  45-pound 
wire  fabric  and  the  submerged  type,  weakened- 
plane  joints.  In  accounting  for  these  failures, 
it  is  possible-  for  a  progressive  separation  to 
develop  at  a  joint  and  cause  a  residual  tensile 
stress  in  the  reinforcing  steel.  When  this 
happens  the  relatively  lightweight  reinforce- 
,  as  used  in  the  500-foot  special  sections, 
maj  be  subjected,  during  contraction  period.-, 
to  tensile  stresses  sufficiently  large  to  cause 
failures.  In  this  connection,  data  presented 
in  the  10-year  report  indicated  that  of  the 
two  types  of  weakened-plane  joints,  the 
submerged  type  developed  the  greater  residual 
openings. 

From  a  consideration  of  the  causes  of  the 
Steel  failures  that  have  been  described  it 
appears  that  elimination  of  expansion  joints 
would  be  advantageous  to  pavements  of  the 
design  of  the  special  sections.  This  would 
control  the  progressive  opening  of  the 
weakened-plane  joints  and  minimize  shear 
failures  by  maintenance  of  more  positive 
aggregate  interlock. 

Pumping  and  faulting 

The  distribution  of  pumping  joints  in  the 
heavily  traveled  lane  of  the  special  sections 
is  shown  in  the  last  column  of  table  6.  At 
the  end  of  15}^  years,  evidence  of  pumping 
was  observed  at  nearly  all  of  the  impaired 
joints  of  the  surface-groove  type  but,  con- 
versely, except  in  two  cases,  there  was  little 
evidence  of  this  action  at  those  of  the  sub- 
merged type.  When  joints  of  the  submerged 
type  were  installed,  a  copper  seal  which 
eloped  the  bottom  parting  strip  was 
incorporated  in  their  design.  It  may  be  that 
these  seals  have  continued  to  prevent  the 
leakage  of  free  water  to  the  subgrade  despite 
the  wide  separations  that  followed  the  steel 
failun 

Of  particular  interest  is  the  complete 
absence  of  pumping  at  all  joints  in  the  halves 
of  the   two  sections  which   contain   -hear  bars 


and  the  91-pound  wire  fabric.  Considering 
that  the  special  sections  were  constructed  on  a 
grade  soil  of  proved  susceptibility  to 
pumping,  it  is  indicated  that  structurally  sound 
pavements  of  this  design  are  highly  resistant 
to  pumping. 

As  would  be  expected,  tilting  of  the  10-foot 
slabs  and  consequent  faulting  at  the  joints 
was  quite  evident  at  all  weakened-plane  joints 
at  which  the  reinforcing  steel  failed.  Because 
of  pumping,  this  condition  was  most  severe 
at  those  of  the  surface-groove  type.  Faulting 
in  amounts  up  to  %  inch  was  measured  at  the 
impaired  joints  and,  in  several  areas,  the 
pavement  had  been  patched  with  asphalt  to 
restore  surface  smoothness. 

Riding  quality 

During  the  last  survey,  motoring  over  the 
heavily  traveled  lane  of  the  four  special  sec- 
tions left  the  impression  that  the  halves  con- 
taining shear  bars  were  of  acceptable  surface 
smoothness,  but  not  as  pleasantly  smooth  as 
the  long  stretches  of  pavement  between  joints 
of  the  heavily  reinforced  regular  sections. 
On  the  other  hand,  the  halves  without  shear 
units  were,  in  places,  disagreeably  rough. 
The  two  halves  reinforced  with  the  45-pound 


Table  7. — Comparison  of  the  roughness  in- 
dexes of  the  various  halves  of  the  special 
sections  with  the  average  index  of  the 
pavement  between  joints  of  the  long, 
regular  sections  ' 


Weight  of  re- 
inforcement 

Lb.  per  100 
sq.ft. 

Shear  bars 

Ratio  of  roughness  in- 
dex of  a  given  half 
of  a  special  section  2 
to  that  of  pavement 
between    joints    of 
long,    regular    sec- 
tions 

Outer  lane 

Inner  lane 

Surface-Type  Joint 

91 
91 

45 
45 

Yes.. 

No 

1.2:1 
1.8:1 
1.2:1 
3.2:1 

1.2:1 

1.3:1 
1.2:1 
1.6:1 

Yes 

No 

SUBMEROED-TYrE  JOINT 

'.it 
91 

45 
45 

Yes 

No 

1.3:1 
1.6:1 
1.2:1 
2.1:1 

* 

1.3:1 
1.5:1 
1.3:1 
1.6:1 

Yes 

No 

1  All  roughness  indexes  were  determined  at  pavement  aj 
of  XbVi  ye  i 

'  Each  roughness  index  is  based  on  250  feet  of  pavement. 


wire  fabric,  in  which  the  majority  of  the  stee 
failures  occurred,  were  exceptionally  bumpy 

Roughness  indexes  of  the  four  500-foot 
special  sections  were  determined  at  the  same 
time  as  those  of  the  regular  sections.  These 
indexes  provide  a  means  for  evaluating  the 
effects  on  surface  roughness  of  the  features 
listed  in  table  5.  Comparisons  of  the  rough 
ness  index  of  each  half  of  each  of  the  four 
special  sections  with  the  average  index 
established  for  the  pavement  between  joints 
of  the  long,  heavily  reinforced  regular  sect  ions 
are  given  in  table  7.  All  roughness  indexes 
compared  in  this  table  were  determined  at 
pavement  age  of  15}^  years. 

Considering  the  heavily  traveled  outer  lane, 
it  is  apparent  from  table  7  that  the  surfaces 
of  the  four  halves  of  the  special  sections  con- 
taining shear  bars  in  the  weakened-plane  joints 
were,  after  15}i  years:  (1)  20  to  30  percent 
rougher  than  the  surface  of  the  pavement  be- 
tween the  joints  of  the  long,  regular  sections, 
(2)  of  nearly  the  same  roughness,  irrespective 
of  type  of  joint  or  the  amount  of  longitudinal 
steel  crossing  the  joints,  and  (3)  smoother, 
markedly  so  in  two  cases,  than  the  surfaces 
of  the  four  halves  with  no  shear  units  in  the 
joints. 

A  comparison  of  surface  roughness  confinei 
specifically  to  the  heavily  traveled  lane  an 
the  four  halves  of  the  special  sections  withou 
shear  bars  in  the  weakened-plane  joint! 
indicates  that,  for  comparable  percentages  of 
reinforcing  steel,  the  halves  containing  the 
submerged  type  joint  have,  with  time,  less 
surface  roughness  than  those  containing  the 
surface-groove  type,  and,  for  the  same  type  of 
joint,  the  halves  of  sections  reinforced  with  the 
91-pound  fabric  have,  with  time,  considerably 
smoother  surfaces  than  those  reinforced  with 
the  45-pound  fabric. 

Interlane  comparisons  at  the  end  of  15^i 
years  disclose  that  traffic  has  had  little  effect 
on  the  surface  roughness  of  the  four  halves  of 
the  special  sections  with  shear  bars  in  the 
joints.  However,  in  the  halves  without  shear 
units,  the  surfaces  of  the  sections  in  the  heavily 
traveled  lane  have,  with  one  exception,  become 
appreciably  rougher  with  time  than  those  of 
their  companion  sections  in  the  passing  or 
inner  lane.  The  one  exception  is  the  half  of 
the  section  containing  submerged  type  joints 
and  the  91-pound  wire  fabric.  In  the  heavily 
traveled  lane  of  this  half  only  two  steel  failures 
occurred  and  pumping  was  completely  absent, 
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Revisions  to  the  Manual  on  Uniform  Traffic  Control  Devices 


Important  changes  in  the  design  of  traffic 
signs  and  other  traffic  control  devices  have 
recently  been  published  in  Revisions  to  the 
Manual  on  Uniform  Traffic  Control  Devices  for 
Streets  and  Highways,  printed  for  the  Bureau 
of  Public  Roads  by  the  Government  Printing 
Office. 

For  many  years  the  Manual  on  Uniform 
Traffic  Control  Devices  has  been  the  standard 
guide  for  American  traffic  engineers  in  the 
design  and  application  of  traffic  control 
devices  but,  like  any  other  standard,  it  must 
change  to  keep  pace  with  a  changing  world. 
The  responsibility  for  its  periodic  revision 
lies  with  the  National  Joint  Committee  on 
Uniform  Traffic  Control  Devices',  a  group  of 
experts  representing  the  American  Association 
of  State  Highway  Officials,  the  Institute  of 
Traffic  Engineers,  and  the  National  Com- 
mittee on  Uniform  Traffic  Laws  and  Ordi- 
nances. The  latest  edition  of  the  Manual 
was  published  in  1948.  The  Joint  Committee 
met  during  1953  to  review  the  standards  and 
to  recommend  revisions  on  the  basis  of  another 
5  years'  experience.     Its  recommendations  for 


n\  ision  have  been  approved  by  the  three 
parent  organizations  and  are  now  published 
in  pamphlet  form. 

The  Manual  on  Uniform  Traffic  Control 
Devices  for  Streets  and  Highways,  including 
the  revisions  supplement,  is  sold  by  the  Super- 
intendent of  Documents,  U.  S.  Government 
Printing  Office,  Washington  25,  D.  C,  at 
90  cents  a  copy.  As  a  separate  publication, 
the  Revisions  to  the  Manual  on  Uniform  Traffic 
Control  Devices  for  Streets  and  Hiejhways  is 
available  from  the  same  source  at  15  cents 
a  copy. 

The  principal  changes  brought  about  by 
the  revisions,  most  of  them  affecting  traffic 
signs,  are  as  follows: 

1.  A  red  stop  sign,  with  white  lettering, 
and  with  at  least  the  lettering  refiectorized, 
replaces  the  former  standard  yellow  sign.  No 
contrasting  panels  or  supplementary  messages 
are  permitted. 

2.  A  "Yield  Right  of  Way"  sign  is  adopted 
for  use  at  certain  intersections  where  a  full 
stop  is  not  required.  This  sign  is  a  yellow 
equilateral  triangle,  with  one  point  downward. 


3.  "No  Passing"  and  "End  No  Passing 
Zone"  signs  are  replaced  by  signs  reading 
"Do  Not  Pass"  and  "Pass  With  Care", 
respectively. 

4.  The  cardinal  direction  marker  is  to  read 
"North",  "South",  etc.,  rather  than  "North- 
bound", etc. 

5.  The  minimum  mounting  height  to  the 
bottom  of  signs  in  rural  areas  is  increased  to 
5  feet,  to  avoid  road  splatter. 

6.  Warning  signs  are  to  be  placed  further 
in  advance  of  dangers  ahead. 

7.  The  border  around  signs  is  now  optional 
rather  than  mandatory. 

8.  Railroad-crossing  pavement  markings 
are  confined  to  the  right-hand  portion  of  the 
pavement. 

9.  Traffic  signal  installations  must  show  at 
least  two  signal  faces  visible  on  each  approach 
to  an  intersection. 

10.  The  minimum  traffic  "warrants"  (ve- 
hicular and  pedestrian  volumes)  justifying 
traffic  signal  installation  are  raised  in  certain 
respects. 


Construction  Review 


The  Departments  of  Commerce  and  Labor 
have  joined  efforts  in  production  of  a  new 
periodical,  Construction  Review,  which  will 
serve  as  a  comprehensive  and  authoritative 
source  of  information  on  the  construction 
industry.  The  new  monthly  publication, 
which  will  start  with  the  January  1955  issue, 
replaces  the  Labor  Department's  Construction 
and  the  Commerce  Department's  Construction 


and  Building  Material* 

Construction  Review  is  available  by  purchase 
from  the  Superintendent  of  Documents,  U.  S. 
Government  Printing  Office,  Washington  25, 
D.  C.  The  subscription  rate  is  $3.00  per 
year,  and  single  copies  are  priced  at  30  cents. 

Construction  Review  brings  together  virtually 
all  current  statistics  pertaining  to  construction 
which  are  compiled  by  the  Federal  Govern- 


meiii,  plus  some  nongovernmental  material. 
Statistical  series  include  value  of  new  con- 
struction put  in  place,  new  nonfarm  dwelling 
units  started,  building  permit  valuation,  con- 
tract awards,  construction  cost,  indexes,  wage 
scales,  wholesale  prices  and  production  of 
building  materials,  contract  iction  em- 

ployment,    etc.      The    publication    will    also 
i  on  specific  aspects  of  construction. 
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Annual  Report  of  the  Bureau  of  Public  Roads,  Fiscal  Year  1954 


The  Ann  Public 

ivailable  from 
the    Superinl  nents,     I'.     S. 

Government    I  Office,   Washington  25, 

1).  C,  al  30  cents  a  copy. 

fiscal  year  ended  June  30, 
1951,  the  report  deal,-  with  many  vital  aspects 
ay  transportation.  As  the  principal 
roadbuilding  agency  of  the  Federal  Govern- 
ment, the  Bureau  supervises  the  expenditure 
of  funds  authorized  to  aid  the  States  in 
highway  construction.  It  also  supervises 
highway  construction  in  National  forests  and 
parks  and  furnishes  highway  engineering 
assistance  to  other  Federal  agencies.  In 
addition,  the  Bureau  carries  on  a  broad 
program  of  research  dealing  with  the  problems 
of  highway  improvement  and  traffic  control. 

The  report  discusses  all  phases  of  the 
Federal-aid  construction  program,  which 
reached  new  high  levels  in  1954.  Included 
are  improvements  on  the  National  System  of 
Interstate  Highways,  on  primary  and  urban 
highways,  and  on  farm-to-market  roads. 
Outstanding  Federal-aid  projects  are  de- 
scribed. The  report  also  reviews  factors 
affecting    progress,    new    highway    legislation, 


foreign  activities,  including  progress  on  the 
Inter-American  Highway,  and  work  in  the 
field  of  highway  safety. 

The  work  done  in  fiscal  year  1954  was 
financed  by  Federal-aid  funds  of  3575  million 
authorized  for  the  year  and  remaining  bal- 
ances of  prior  authorizations,  together  with 
State  and  local  matching  funds.  All  classes 
of  Federal  and  Federal-aid  projects  completed 
during  the  year  had  a  combined  length  of 
20,989  miles.  The  decrease  of  11  percent  in 
total  mileage  completed  from  the  all-time 
record  of  the  previous  year  was  due  to  a  greater 
dollar  volume  of  work  in  urban  areas  where 
costs  per  mile  are  high.  The  total  cost  of 
projects  completed  during  the  year  amounted 
to  $1,106  million,  of  which  $585  million  was 
Federal  aid.  The  total  was  2  percent  greater 
than  the  previous  year. 

The  20,989-mile  total  included  4,488  miles 
of  highways  and  995  bridges  on  the  Federal-aid 
primary  system  outside  of  cities  (principal 
intercity  routes),  767  miles  of  highways  and 
453  bridges  on  urban  portions  of  the  primary 
system,  14,995  miles  of  highways  and  1,631 
bridges  on  secondary  or  farm-to-market 
roads,  and  739  miles  of  highways  in  National 
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forests,  parks,  parkway's,  and  flood-relic 
projects.  At  railway-highway  grade  crossing 
193  hazardous  crossings  were  eliminated,  2 
inadequate  grade-crossing  structures  were  re 
constructed,  and  315  crossings  were  protectee 
by  the  installation  of  flashing  lights  or  othe 
safety  devices. 

Research  activities  covered  by  the  repor 
include  highway  design  standards,  bridg 
design,  and  joint  planning  of  location  of  high 
ways  and  airports,  and  development  of  high 
way  improvement  programs  for  urban  areas 
A  section  of  the  report  deals  with  parkin 
meters — their  financing,  revenues,  installatioi 
costs,  and  related  matters.  The  report  pre 
sents  the  results  of  physical  research  involvin 
soils  and  related  problems  directly  affectin] 
improved  road   construction  and  lower  costs 

In  reviewing  recent  developments,  the  re 
port  points  out  that  the  most  significant  tren 
of  the  year  was  the  increasingly  strong  am 
widespread  demand  that  steps  be  taken  t 
make  our  highway  systems  adequate  withh 
the  shortest  possible  period — with  particula 
emphasis  on  the  need  for  improved  mai: 
arteries  between  urban  areas  and  for  express 
ways  in  cities. 
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Criteria  for  Prestressed  Concrete  Bridges 


The  Bureau  of  Public  Roads  recently  issued 
a  new  publication,  Criteria  for  Prestressed 
Concrelt  Bridges,  which  is  available  by  pur- 
chase from  the  Superintendent  of  Documents, 
U.  S.  Government  Printing  Office,  Washing- 
ton 25,  D.  C,  at  15  cents  a  copy. 

The  criteria  presented  in  the  31-page  pam- 
phlet were  developed  in  the  hope  that  they 
may  be  useful  until  such  time  as  more  com- 
plete specifications,  covering  the  subject  in 
far  greater  detail,  may  be  presented  to  the 
civil  engineering  profession  by  American 
specification  and  code  writing  bodies. 

Included  in  the  publication  are  criteria  on 
the    design,    materials,    and    construction    of 


A  new  one-volume  edition  of  the  Uniform 
Vehicle   I  recently  published  by  the 

National  Committee  on  Uniform  Traffic  Laws 
and  Ordinances.  The  Code,  formulated  in 
1920  and  revised  periodically  in  the  light  of 
developments  and  practical  experience, 
provides  a  reliable  guide  for  the  use  of  the 
legislatures  of  the  States  in  the  development 
of  Nationwide  uniform  traffic  regulation. 

The  Uniform  Vehia  revised  1954)  is 

a  con  i  merit,  and  revision 

of    the  ,  hided    in    five 

142 


prestressed  concrete  bridges,  and  explanatory 
discussions  of  the  criteria. 

The  Bureau  recognized  in  1952  that  the 
prestressed  method  of  concrete  construction 
had  great  possibilities  in  the  building  of  better 
and  more  economical  highway  bridges  of  rein- 
forced concrete,  and  that  in  many  instances 
prestressed  concrete  might  become  a  com- 
petitor of  structural  steel  also. 

There  were  no  American  standard  codes 
governing  the  design  of  prestressed  concrete 
bridges  at  that  time.  In  recognition  of  the 
need  for  a  guide  to  design  that  would  provide 
structures  acceptable  for  Federal-aid  projects, 
the  Bureau,  in  March  1952,  prepared  and 
distributed  a  Design  Criteria  /«r  Prestressed 
Concrete  Bridges  (Post  Tensioning).     Although 


Uniform  Vehicle  Code 


separate  acts,  formerly  published  by  the  U.  S. 
Government  Printing  Office.  The  Code  is 
now  incorporated  in  a  single  act  of  19  chapters, 
and  the  new  arrangement  will  facilitate  study 
of  present  laws  in  comparison  with  the  provi- 
sions recommended  as  a  guide  for  uniformity. 
The  table  of  contents  provides  a  key  to  the 
ect  ion  numbering  in  the  previous  five  individ- 
ual acts. 

The  new  197-page  Uniform  Vehicle  Code  is 
published  and  sold  by  the  National  Committee 
on  Uniform  Traffic  Laws  and  Ordinances,  1604 


the  scope  of  the  criteria  were  very  limited 
the  issue  attracted  considerable  attention 
and  many  constructive  comments  and  sug 
gestions  were  received  from  American  am 
European  engineers  engaged  in  prestresse 
concrete  design  and  construction. 

On  the  basis  of  these  comments  and  sug 
gestions,  a  rough  draft  of  a  new  and  great! 
enlarged  criteria,  covering  design,  material 
and    construction,    was    prepared    and    sub     1(1! 


mitted  in  September  1953  to  a  number  e 
authorities  in  the  field  both  in  this  countr 
and  abroad.  Thoroughly  revised  in  the  ligli 
of  their  comments,  the  criteria,  together  wit 
supporting  discussion  and  source  reference;- 
now   appear   in    the    new    publication. 


It 


K  Street,  N.  W.,  Washington  6,  D.  C.  Sing] 
copies  are  priced  at  75  cents,  plus  8  cents  fc 
postage  and  handling,  making  a  total  charg 
per  copy  of  83  cents.  The  Committee,  o 
request,  will  quote  prices  for  quantity  orders 
The  Model  Traffic  Ordinance  (revised  1953] 
companion  publication  to  the  Uniform  Vehicl 
Code  with  particular  application  to  cities 
continues  to  be  available  from  the  Superin 
tendent  of  Documents,  IT.  S.  Governmen 
Printing  Office,  Washington  25,  D.  C,  at  2 
cents  a  copy. 
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list  of  tin'  more  important  articles  in  I'UBLIC 
kDS  m:i\  be  obtained  upon  request  addressed 
ureau  of  Public  Roads,  Washington  25,  D.  C. 
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lie  following  publications  are  sold  by  the  Superintendent 
documents,  Government  Printing  Office,   Washington  25, 
C.     Orrlers  should  be  sent  direct   to  the  Superintendent  <>f 
fitments.     Prepayment  is  required. 
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30  cents. 
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Jiwav   Needs  of  the  National  Defense,  House  Document  X<>. 
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fehway   Practice  in  the   United  States  of  America   (1949).     75 
■ents. 

^ghway  Statistics  (annual) : 

1945,  35  cents.  1948,  65  cents.  1951,  60  cents. 
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Revisions  to  the  Manual  on  Uniform  Traffic  Control  Devices 
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ydipdel  Traffic  Ordinance  (revised  1953).     20  cents. 

)tor-Vehicle   Traffic   Conditions  in  the   United  States,   House 
Document  Xo.  462  (1938): 
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15  cents. 
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Part  2.— Skilled  Investigation  at  the  Scene  of  the  Accident 
Needed  to  Develop  Causes.       10  cents. 

Part  3.— Inadequacy  of  State    Motor- Vehicle   Accident 
porting.      10  cents. 

Part  4.-   Official  [nspection  of  Vehicles.     10  cents. 
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cents. 
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Principles  of  Highway  Construction  as  Applied  to  Airports    Flight 
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Public  Control  of  Highwav   Access  and    Roadside   Development 

(194/).     35  cents. 

Public  Land  Acquisition  for  Highway  Purposes  (1943).     10  cents. 
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Roadside  Improvement,  No.  191  MP  (1934).     10  cents. 
Selected  Bibliography  on  Highway  Finance  (1951).     60  cents. 
Specifications  for  Construction  of  Roads  and  Bridges  in  National 

Forests  and  National  Parks,  FP-41  (1948).     $1.50. 
Standard    Plans    for    Highway    Bridge    Superstructures    (1953). 
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Taxation  of  Motor  Vehicles  in  1932.     35  cents. 
Tire  Wear  and  Tire  Failures  on   Various  Road  Surfaces  (1943). 
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MAPS 

State  Transportation  Map  series  (available  for  39  States).  Uni- 
form sheets  26  by  36  inches,  scale  1  inch  equals  4  miles.  Shows 
in  colors  Federal-aid  and  State  highways  with  surface  types, 
principal  connecting  roads,  railroads,  airports,  waterways, 
National  and  State  forests,  parks,  and  other  reservations. 
Prices  and  number  of  sheets  for  each  State  vary — see  Superin- 
tendent of  Documents  price  list  53. 

United  States  System  of  Numbered  Highways  together  with  the 
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United  States  System  of  Numbered  Highways.  28  bj  12  inches, 
scale  1  inch  equals  78  miles.     20  cents. 


Single  copies  of  the  following  publications  are  available  to 
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to  the  Bureau  of  Public  Roads.  They  arc  not  sold  by  the 
Superintendent  of  Documents. 
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Bibliography  on  Roadside  Control  (1949). 

Express  Highways  in  the  United  States:  a  Bibliography  (1945). 

Indexes  to  Public  Roads,  volumes  17-19  and  23. 

Title  Sheets  for  Public  Roads,  volumes  24-27. 
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Factors  Affecting  Resistance 


of  Portland  Cement  Concrete  to 

Sealing  Action  of  Thawing  Agents 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


This  report  is  a  resume  in  date  of  inves- 
tigations conducted  to  test  materials  and 
procedures  for  protecting  concrete  pave- 
ments against  scaling  and  disintegration 
caused  by  calcium  chloride  and  other  thaw- 
ing agents  used  for  ice  removal.  A  labo- 
ratory investigation  by  the  Bureau  of  Public 
Roads  was  started  in  1948  on  methods  of 
protecting  the  wearing  surface  of  concrete 
against  the  action  of  calcium  chloride. 
Later  a  similar  study  was  made  of  the  ejfecl 
of  outdoor  weather  conditions  on  small 
slabs  placed  on  the  ground.  It  was  found 
that  resistance  l<>  scaling  was  affected  by 
air  content,  type  of  air -entraining  admix- 
ture, surface  treatments  or  coats,  admix- 
tures of  oils,  inhibitors,  fly  ash  as  a  replace- 
ment for  portland  cement,  rate  of  applica- 
tion of  calcium  chloride,  curing  methods, 
thawing  agents  other  than  calcium  chloride 
or  common  salt,  and  by  the  vacuum  method 
of  placing  concrete. 

DURING  the  winter  months  when  ice  has 
formed  on  pavements  and  bridge  decks, 
sodium  chloride  or  calcium  chloride  or  mix- 
tures of  the  two  are  spread  on  surfaces  to 
thaw  the  ice  and  make  the  riding  surface  safe 
for  traffic.  This  practice  has  been  common  in 
many  parts  of  the  country  for  25  years  or 
more.  The  continued  use  of  these  salts,  usually 
spread  in  flake,  pellet,  or  crystal  form,  has 
frequently  resulted  in  excessive  scaling  of  the 
wearing  surface  of  portland  cement  concrete. 
In  some  cases  the  action  has  been  so  severe  as 
to  cause  complete  disintegration. 

In  States  where  ice  covers  the  pavements 
many  times  each  winter,  the  problem  of  ic< 
removal  by  chemicals  and  the  attendant 
scaling  and  disintegration  of  the  concrete  is 
a  serious  one.  Since  sodium  and  calcium 
chlorides  are  very  effective  for  melting  ice, 
there  is  great  interest  in  developing  methods 
of  making  concrete  resistant  to  their  action. 
In  New  York,  particularly,  and  in  several  of 
the  other  Northeastern  States,  climatic  condi- 
tions, hilly  terrain,  and  heavy  traffic  have 
intensified  this  problem  of  developing  a 
concrete  resistant  to  the  scaling  caused  by 
chloride  salts. 
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Reported  by  ALBERT  G.  TIMMS,   Supervising 
Highway  Physical  Research    Engineer 


The  Bureau  of  Public  Roads  began  a  labora- 
tory investigation  in  1948  of  methods  of 
protecting  the  wearing  surface  of  concrete 
against  the  action  of  calcium  chloride.  Later 
because  of  the  extreme  severity  of  the  labora- 
tory test  which  caused  doubt  as  to  its  similar- 
ity to  field  conditions,  a  similar  study  was 
made  under  outdoor  weather  conditions  on 
small  concrete  slabs  on  the  ground.  This  is  a 
progress  report  of  a  continuing  research 
program  and  has  been  prepared  to  summarize 
the  information  obtained  on  the  laboratory 
tests  and  the  outdoor  exposure  tests  through 
the  winters  of  1951-52,  1952-53,  and  1953-54. 

Scope  of  Study 

The  laboratory  investigation  of  scaling 
resistance  was  divided  into  five  parts  as 
follows : 

1.  The  effect  of  increasing  the  air  content  of 
the  fresh  concrete  beyond  the  6  percent 
maximum  limit  now  generally  permitted  in 
specifications  for  concrete  for  pavement 
construction  was  investigated. 

2.  The  effect  of  delaying  the  scaling  action 
by  surface  coatings  of  crankcase  oil  (undiluted 
and  diluted)  with  various  percentages  of 
gasoline,  and  the  effect  of  time  of  application 
of  the  oils  were  studied. 

3.  The  effect  on  scaling  action  of  using 
paraffin  and  asphaltic  base  lubricating  oils 
(both  new  and  used)  as  admixtures  in  con- 
crete was  studied,  and  also  the  effect  of  f  hese 
materials  on  strength,  shrinkage,  and  resist- 
ance to  freezing  and  thawing  in  wat<  i 

4.  An  investigation  was  made  of  the  fol- 
lowing miscellaneous  factors:  Effect  of  using 
various  amounts  of  calcium  chloride  applied 
to  a  given  area  for  ice  removal,  of  using  a 
possible  rust  inhibitor  mixed  with  calcium 
chloride,  and  of  using  urea  for  ice  removal  in 
place  of  calcium  chloride. 

5.  A  study  of  the  improvement  in  the  qual- 
ity of  the  wearing  surface  produced  l>\  vacuum 
treatment  of  the  concrete  was  undertaken. 

The  outdoor  investigation  to  date  covers 
tests  over  three  winters.  The  variable  studied 
during  the  first  winter  was  type  of  air- 
enl  raining  admixture.  Twenty-seven  com- 
mercial air-entraining  admixtures  were  used 
in  amounts  that  produced  aboul   the  same  air 


content  in  each  of  the  concrete  slabs.  During 
the  second  and  third  winters  the  outdoor 
program  was  divided  into  four  parts: 

1.  Tests  made  the  first  winter  were  repeated 
with  most  of  the  27  air-entraining  admixtures, 
but  using  two  cements  (brand  A  with  high 
alkali  content  and  brand  B  with  low  alkali 
content).  Five  more  air-entraining  admixtures 
were  included  which  had  been  received  too 
late  for  the  first  series.  These  concrete  slabs 
were  cast  in  molds  both  on  a  metal  base  and 
on  a  sand  base. 

2.  The  effect  on  the  resistance  to  scaling  of 
replacing  part  of  the  portland  cement  with 
fly  ash  was  studied.  A  fine  and  coarse  fly 
ash  from  each  of  two  sources  were  used  because 
previous  experience  indicated  that  the  finer 
the  fly  ash  from  a  given  source  the  lower 
the  carbon  content.  Two  concretes,  plain  and 
air-entrained  were  used  for  each  fly  ash 
replacement,  with  each  of  the  two  different 
cements  (brands  A  and  B). 

3.  The  effect  of  methods  of  curing  the 
concrete  on  resistance  to  chloride  attack  was 
investigated.  In  connection  with  the  curing 
stud}7,  surface  applications  of  oil  were  also 
made  following  the  curing  period. 

4.  The  effect  of  vacuum  treating  the  sur- 
faces of  both  plain  and  air-entrained  concrete 
was  studied. 

Conclusions 

The  principal  conclusions  of  the  laboratory 
tests  (artificial  freezing)  were  as  follows: 

1.  A  scaling  test  which  involved  freezing 
of  water  on  the  surface  of  concrete  test  slabs 
and    thawing    with    an    application    of    flake 

ii m  chloride  showed  that  the  resistance 
of  the  concrete  was  a  function  of  the  amount 
of  entrained  air.  An  air  content,  in  excess  of 
ti  percent  was  more  effective  in  making  con- 
crete resistant  to  the  sealing  action  of  calcium 
chloride  than  increasing  the  cement  content. 

2.  Concrete  which  was  cured  and  seasoned 
and  then  coated  with  mineral  oil  showed 
greater  resistance  to  calcium  chloridi 

than  similarly  cured  concrete  which  received 
no  protective  treatment.  Multiple  coats  of 
oil  were  slight!}*  more  beneficial  than  a  single 
coat  of  oil.  Application  of  oil  to  freshly  placed 
concrete  decreased  the   resistance   to  scaling. 
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Tabic  [.—Chemical  composition  ami  physical  properties  of  portland  cements  and  fly  ashes 




M  ag  -  -  - 

Sull 

,iii  ion 





NasO— 

Insoluble  residue  ---  

'  iii-solublp  organic  substances 

i    ,;  calcium  oxide    -.  

Water-soluble  alkali: 
0 

K  (i  

utod  compound  composition  (in  percent 

Tricalcium  silicate- .     

l  licalclum  silicate 

Tricalcium  aluminate 

Tetracalcium  aluminoferrite 

Calcium  sulfate  

Carbon  

Carbon  dioxide 

Physical  properties: 

Apparent  specific  gravity 

Specific  surface  ( Wagner) cm.'-Vg- 

Specific  sin  lace  (Blaine) cm.Vg.  -  - 

Autoclave  expansion percent 

Normal  consistency   -  .   do 

Time  of  setting  (Oillmore  test): 

Initial— hours 

Final.,. do 

Compressive  strength  (1:2.75  mortar): 

At  7  days... p.s.L- 

At  28  days do 

Mortar  air  content percent 


Portland  cement 


22.11 

5.  i'. 

2.  5 

62.8 

3.0 

2.0 

.8 

.41) 

1.05 

1.09 

.16 

.009 

85 

.11 
.  63 

42 
31 
11 


3.  20 
1,800 

"  ""32 

25.5 

3.2 

5.2 

2,340 

;s.  670 

9.1 


22.3 
5.4 
2.4 
66.  1 
1.0 
1.7 
1.2 
.111 
.15 
.  14 
.  12 
003 
.  50 

.111 
.02 

55 
22 

10 
7 
2.9 


3.17 

1,  025 

"~04 
25.0 

4.2 
IV  4 

2,  900 
5,  070 

6.8 


47.1 
IS.  2 
lit.  2 
7.0 
1.1 
2.8 
1  1.2 
1.80 
2.15 
3.21 


.2 
.01 


3,075 


49.2 

19.  9 

16.2 

5.  5 

1.4 

2.7 

1  1.2 

2.00 

2.35 

3.55 


.6 
.04 


4,  305 


41.2 
22. 1 
20.  (i 
6.0 
1.2 
.9 
'  5.4 
1.00 
1.42 
1.93 


5.0 
.04 


2.51 


38.5 

23  5 

18.8 

3.2 

1.0 

.C. 

'  11.0 

.60 

1.88 

1.84 


11.2 
.03 


2.43 
3,  220 


1  Determination  made  at  600°  C. 

3.  Neither  paraffin  nor  asphalt  ic  base  oil 
used  as  admixtures  were  of  much  value  in 
cither  delaying  or  controlling  the  progress  of 
scaling,  I'scd  crankcase  lubricating  oil  was 
effective  in  retarding  the  start  of  scaling, 
because  of  the  air  entrained  in  the  fresh  con- 
crete by  this  material. 

The  use  of  one-third  or  two-thirds  of  a 
gallon  of  paraffin  or  asphaltic  base  oil  per 
sack  of  cement  as  an  admixture  had  no  effect 
mi  the  air  entrained  in  the  concrete.  A  slight 
reduction  in  shrinkage  and  in  strength  and  a 
slight  improvement  in  durability  as  measured 
by  resistance  to  freezing  and  thawing  in  water 
resulted  from  the  use  of  these  oils. 

The  use  of  one-third  or  two-thirds  of  a 
gallon  of  used  crankcase  lubricating  oil  per 
sack  of  cement  entrained  air  in  the  concrete. 
( Joncretes  containing  these  admixtures  showed 
duction  in  strength  and  an  improvement 
in  durability  proportional  to  the  amount  of 
air  entrained.  The  shrinkage  of  the  con- 
crete containing  crankcase  oil  was  about  the 
n    concrete  without  admixture. 

4.  Urea,  reported  to  be  a,  thawing  agent 
non-corrosive  to  metals  when  used  to  thaw 
ice  on  concrete,  was  slower  in  thawing  action 
than  calcium  chloride.  It  also  caused  scaling 
but  not  so  quickly  as  calcium  chloride. 

Qg  i  he  amount  of  the  thawing  agent 
(calcium  chloride  or  urea)  had  little,  effect 
eithei  mi  i  lie  ,-iart  or  rale  of  progress  of  the 
use  of  a.  metal  corrosion  inhibitor 
had  only  a,  slight  retarding  action  on  scaling 
of  concrete  when  used  with  calcium  chloride 
for  ice  removal. 

containing    6    or    7    sacks    of 
per  cubic   yard,   both   plain   and  air- 
en"!  re  benefited  in  their  resistance  to 
ding  li\    the  use  of  the  vacuum  treatment 
ol  i  In    pla   I  -    concrete. 


The  principal  conclusions  of  the  outdoor 
exposure  tests  were  as  follows: 

1.  All  the  air-entraining  admixtures  tested 
in  concrete  were  effective  in  delaying  the  start 


of  serious  scaling.  As  indicated  by  the  pre 
liminary  tests  of  the  first  winter,  the  synthetit 
detergents  and  the  salts  of  proteinaceous 
materials  were  less  effective  than  the  admix 
tures  in  the  other  groups.  In  the  subsequent 
tests  made  the  next  two  winters,  the  synthetic 
detergents  were  relatively  more  effective  thai 
they  were  in  the  preliminary  tests.  For  th< 
concrete  containing  aggregates  with  a  1-incl 
maximum  size,  the  tests  indicate  that  mon 
satisfactory  resistance  is  obtained  when  the 
air  content  is  greater  than  5  percent. 

2.  For  the  variables  studied,  the  scaling  ol 
concrete  was  less  pronounced  when  the  con- 
crete had  been  cast  in  a  mold  with  a  sand  bast 
than  when  cast  in  a  mold  with  a  metal  base 
The  water  retention  of  the  concrete  cast  or 
the  sand  base  is  less  than  that  cast  on  a  meta 
base.  The  resulting  decrease  in  the  water- 
cement  ratio  accounts  for  the  difference  ir 
resistance  to  scaling. 

3.  The  two  portland  cements  used  did  not 
produce  concretes  of  equal  resistance.  Tht 
concretes  made  with  cement  B  (low  alkal 
content)  were  more  resistant  than  the  con 
cretes  made  with  cement  A  (relatively  high 
alkali  content).  The  different  treatments  ol 
the  concretes  did  not  appear  to  change  thfl 
relative  difference  between  the  cements  ii 
resistance  to  scaling. 

4.  Replacing  portland  cement  in  the  mij 
with  fly  ash,  regardless  of  the  fineness  oi 
carbon  content,  was  detrimental  to  the  resist- 
ance of  the  concretes  to  attack  by  calcium 
chloride   used  for  ice  removal.      Maintaining 


Table  2. — Mix  data  for  laboratory  slabs,  6  by  12  by  2  inches  thick 


Mix  by 

dry  weight 

Admixture 

Cement 

Water 

Slump 

Air 

Weight  of 
plastic 
concrete 

Amount2 

Type 

Part  1:  Effect  of  Air  Content 

Pounds 

94-210-320 
94-200  320 
94-180-320 
94-160-320 

94-170-270 
94-155-270 
94-1411  270 
94-130  2711 

0.004..-- 
0.011...- 

None.    .      ...     . 

Sack! 

■:ii-  lid. 
6.0 
6.0 
6.1 
5.9 

7.0 
7.2 
7.2 
7.1 

Gal.lsack 
5.7 
5.4 
5.1 
4.7 

4.8 
4.5 
4.2 
4.1 

Inches 
2.3 
2.4 
2.6 
3.2 

2.6 
2.4 
2.2 
2.2 

Percent 

1.5 

2.7 

6.0 

13.0 

1.5 
2.7 
4.9 

7.2 

Lb. Icu.  ft. 
149.0 
148.0 
143.  7 
131.6 

149.3 

148.9 
143.8 
139.6 

Vinsol  resin .  . 

....  do...     

0.025.--- 

do 

None-   .  .    .  -.  -. 

0.005--.. 
0.011-.- 

Vinsol  resin    ___ 

do 

0.022.--- 

■  I.. 

Fart  2:  Effect  of  Oil  Surface  Treatment 

94-210-320 

None     .  .      . .  

5.9 

6.1 

3.5 

1.9 

147.3 

Part  3:  Effect  of  Oil  Admixtures 

94-210-  320 
94-170-320 

94-200-3211 
94-200-320 

JSgal... 

%gal.-_ 
?Sgal-.. 

None 

Used  crankcase  oil-  . 

5.9 
6.0 
5.9 
5.9 

6.1 
5.4 
5.7 
5.7 

3.0 
4.8 
4.0 
3.5 

2.0 
5.7 
2.0 
2.4 

L46.6 

140.0 
1411.3 
145.  3 

Paraffin  oil.. 

Asphalt  oil 

Part  4:  Effect  of  Thawing  Agent 

94  '210-320 

None     . 

5.9 

6.1 

3.5 

1.9 

147.3 

Part  5:  Effect  of  Vacuum  Surface  Treatment 

94-21H  .IJO 
94-160-320 

94-170-270 
94-130-270 

0.020-.-. 

None 

6.0 
6.2 

7.0 
7.1 

5.7 
4.7 

4.8 
4.1 

1.7 
7.4 

1.7 
7.8 

148.6 
141.  1 

14S.  0 
139.3 

Vinsol  resin . 

None-   ..-  , 

0.022.... 

Vinsol  resin... 

1  Materials  used:  cement,  brand  A;  siliceous  sand,  F.M.  =2.70;  siliceous  gravel,  %-inch  maximum  size. 

2  Per  S3ck  of  cement.    Except  for  oil  admixtures,  amounts  are  expressed  as  percent  by  weight  of  cement. 
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Figure  1. — Rating  scale  (0-10)  of  resistance  of  concrete  to  scaling  after 
laboratory  freezing  and  thawing  with  calcium  chloride. 


fixed  air  entrainment  within  the  usual 
^education  limits  did  not  balance  the  lowered 
!sistanee  caused  by  the  use  of  fly  ash. 

5.  In  general,  the  type  of  curing  had  little 
pparent  effect  on  the  resistance  of  the  con- 
retes  to  calcium  chloride  attack.  The  mem- 
rane  curing,  when  the  film  remained  un- 
roken,  had  some  protective  action.  Under 
affic  conditions  such  a  film  would  probably 
e  of  little  or  no  value. 

6.  The  concrete  cast  in  molds  with  metal 
ases  and  subjected  to  a  vacuum  treatment 
as  little  different  in  resistance  to  scaling 
om  similarly  cast  untreated  concrete.  How- 
ver,  when  the  concretes  were  cast  in  molds 
ith  sand  bases  the  concrete  on  which  the 
acuum  treatment  was  used  was  more  resist- 
nt  to  scaling  than  the  untreated  concrete, 
'his  same  relationship  held  for  concrete  with 
ir  contents  ranging  from  1  to  10  percent. 

Laboratory  Exposure  Series 

The  portland  cement  used  was  an  ASTM 
ype  I  cement.  It  is  designated  as  brand  A 
iment  and  is  the  same  cement  as  brand  A 
sed  in  the  outdoor  investigation.  Table  1 
ives  the  chemical  composition  and  physical 
roperties  of  the  cement. 

The  aggregates  used  for  all  concrete  mixes 
>r  the  scaling  tests  consisted  of  a  siliceous 
ind  having  a  fineness  modulus  of  2.70  and  a 
ell-graded  siliceous  gravel  of  %-inch  max- 
num  size.  For  the  test  specimens  used  for 
etermining  strength,  resistance  to  freezing 
nd  thawing  in  water  and  volume  change, 
rushed  limestone  was  used  as  coarse  aggre- 
ate.  Concretes  made  from  similar  aggre- 
ates  have  good  service  records  for  durability, 
'he  concrete  mix  data  are  given  in  table  2. 

The  specimens  used  in  the  laboratory  scaling 
3st  consisted  of  concrete  slabs  having  a 
■earing  surface  of  6  by  12  inches  and  a  thick- 
ess  of  2  inches.  The  slabs  were  cast  and  the 
oncrete  rodded  and  spaded  in  the  usual 
lanner.  In  one  group  of  slabs  a  vacuum 
reatment  was  applied  to  the  plastic  concrete 
fter  casting. 

Approximately  3  hours  after  molding,  the 
Dp  surface   of  each   specimen  was  given   a 
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broomed  finish  to  simulate  the  surface  finish 
frequently  given  pavement  slabs.  Subse- 
quent to  brooming  a  mortar  dam  approx- 
imately one-half  inch  in  height  was  cast 
around  the  perimeter  of  the  specimen.  In 
general,  the  concrete  was  cured  in  moist  air, 
the  bottoms  and  sides  of  the  specimens  were 
waterproofed  with  a  heavy  coating  of  paraffin, 
and  then  stored  in  the  air  of  the  laboratory 
before  starting  the  freezing  and  thawing 
cycle.  The  exact  period  of  curing  is  shown  in 
the  notes  of  tables  3-6  and  12-13. 

The  top  surfaces  of  the  slabs  were  first 
flooded  with  one-quarter  inch  of  water,  after 
which  the  specimens  were  placed  in  the  freezer 
and  the  surrounding  air  temperature  reduced 
to  —10°  F.  The  slabs  were  kept  in  the 
freezer  approximately  15  hours,  then  removed 
from  the  freezer,  and  flake  calcium  chloride 
applied  directly  to  the  ice-covered  surface. 
In  general,  the  amount  of  calcium  chloride 
applied  was  2.4  pounds  per  square  yard  of  ice- 
encrusted  surface.  This  is  the  maximum 
amount  usually  applied  in  practice  and  is  the 
amount  used  by  other  investigators.  In  one 
group  of  tests  different  amounts  of  calcium 
chloride  were  applied  per  square  yard.  After 
the  ice  had  thawed,  the  calcium  cliloride 
solution  was  washed  from  the  surface  of  the 
slabs,   fresh   water  applied  and  the  cycle  re- 


peated      <  >ne   cj  cle   was  compl  .   24 

hours    from    Monday    through    Friday.     The 
slabs   remained   in    the   freezer   from 
night  until  Monday  morning. 

In  general,  three  slabs  were  made  for  each 
condition  and  two  or  more  rounds  of  slabs 
made  on  different  days  for  each  condition  of 
test.  Only  one  round  of  slabs  was  photo- 
graphed and  since  the  rounds  in  general 
checked  each  other  very  closely  the  results  of 
only  one  round  are  reported. 

The  various  slabs  were  rated  periodically 
for  surface  scale.  The  ratings  were  based  on 
visual  observation  of  the  extent  and  depth  of 
scale.  The  following  tabulation  describes  the 
numerical  significance  of  the  rating: 
0 — No  scale 
1 — Scattered  spots  of  very  light 

2 — Scattered     spots     of     light 

scale 
3 — Light  scale  over  about  one- 
half  of  the  surface 
4 — Light    scale    over    most    of 

surface 
5 — Light  scale  over  most  of  sur- 
face, few  moderately  deep 
spots 
6 — Scattered   spots   of   moder- 
ately deep  scale 
7 — Moderately  deep  scale  over 

one-half  of  the  surface 
8 — Moderately  deep  scale  over 

entire  surface 
9 — Scattered     spots     of     deep 
scale,    otherwise    moderate 
scale 
,10 — Deep  scale  over  entire  sur- 
face 
Typical  examples  of  the  various  ratings  are 
shown   in   figure    1,   and   figure   2   illustrates 
progressive  scaling  of  three  identical  slabs  as 
the  number  of  cycles  of  freezing  and  removal 
of  ice  with  calcium  chloride  was  increased. 

Outdoor  Exposure  Series 

The  portland  cements  used  were  ASTM 
Type  I  cements.  Two  cements  were  used, 
brand  A  and  brand  B.  Brand  A  had  a  • 
tively  high  alkali  content  and  brand  B  a  very 
low  alkali  content.  Table  1  gives  the  chemical 
and  physical  properties  of  the  cements. 
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Figure   2.— Progressive   scaling    of   non-air-entrained   concrete   after   indicated   cycles   of 
laboratory  freezing  and  thawing  with  calcium  chloride. 
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Figure  3. — Effect  of  percentage  of  entrained  air  on  resist<tnce  of  concrete  to  scaling  after 
laboratory  freezing  and  thawing  with  calcium  chloride. 
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Figure  4. — Effect  of  percentage  of  entrained  air  on  resistance  of  concrete  to  scaling  after 
laboratory  freezing  and  thawing  with  calcium  chloride. 


The  aggregates  used  for  all  mixes  consisted 
of  a  siliceous  sand  having  a  fineness  modulus 
of  2.70  and  a  crushed  limestone  coarse  aggre- 
gate of  1-inch  maximum  size.  Concretes  con- 
taining these  aggregates  have  a  good  service 
record  for  durability. 

The  rapidity  with  which  scaling  started  on 
the  small  slabs  frozen  in  the  laboratory  freezer, 
suggested  the  possibility  that  the  conditions 
were  far  more  severe  than  those  occurring 
under  field  applications  of  calcium  chloride. 
In  order  to  study  this  feature  further,  slabs 
16  by  24  by  4  inches  deep  with  raised  edges  or 
dams  around  the  perimeters  were  made  for 
outdoor  exposure. 

The  surfaces  of  the  slabs  were  given  a 
broomed  finish  and  most  of  them  were  then 
cured  in  the  moist  room  from  28  to  90  days  and 
then  placed  in  the  exposure  area.  The  speci- 
mens were  in  the  exposure  area  from  30  to  100 
clays  before  the  first  application  of  calcium 
chloride  was  made.  A  description  of  the 
treatment  is  in  the  notes  to  tables  15  to  21. 
Broomed  finishing  was  selected  because  ob- 
servations indicated  that  a  broomed  finish 
tended  to  hold  the  calcium  chloride  solution 
on  the  pavement  surface  and  retarded  its  re- 


moval by  drainage.  In  the  fall  and  winter, 
the  top  surfaces  of  the  test  specimens  were 
kept  covered  with  water. 

The  first  slabs  were  made  in  the  laboratory 
in  water-tight  molds  with  a  metal  base.  This 
condition  simulates  concrete  placed  on  an 
impervious  subgrade  or  on  paper  or  asphalt 
seals  placed  on  the  subgrade.  Later  tests 
were  made  using  a  damp  sand  base  which 
would  be  more  nearly  comparable  to  types  of 
subbases  often  used  under  concrete  pavements. 
With  the  exception  of  the  series  in  which 
curing  was  studied,  all  other  slabs  were  made 
in  the  laboratory. 

When  ice  was  frozen  on  the  slabs,  calcium 
chloride  was  applied  to  the  surface  at  the  rate 
of  2.4  pounds  per  square  yard.  After  the  ice 
was  completely  thawred,  the  surface  w7as 
washed  and  fresh  water  left  on  the  surface  to 
await  another  freezing. 

During  the  winter  of  1951-52,  19  cycles 
were  obtained,  and  during  the  winter  of 
1952-53,  only  17  cycles,  and  in  the  winter  of 
1953-54,  34  cycles. 

The  slabs  were  rated  periodically  for  surface 
scale.  The  ratings  were  based  on  visual  ob- 
servation of  the  extent  and  depth  of  scale. 


The  numerical  significance  of  the  rating  sy 
tem  used  was  the  same  as  that  shown  for  tl 
small  laboratory  exposed  slabs. 

Discussion  of  Laboratory  Tests 

Air  content,  part  1 

In  this  group  of  laboratory  tests  the  objei 
was  to  study  the  effect  of  increasing  the  a 
content  beyond  the  maximum  6  percent  lim 
now  generally  permitted  for  use  in  cone™ 
pavements.     Since  the  maximum  size  of  a; 
gregate  used  with  the  6-  by   12-  by   2-inc 
slabs  was  three-fourths  inch,  this  necessitate 
a  higher  air  content  for  a   given  degree 
durability  than  is  required  by  a  normal  pa1 
ing  mix  containing  aggregate  graded  up  to 
inches.     This  increase  in  air  requirement  hi, 
been  shown  by  a  number  of  investigators 
be    necessary    in    maintaining    the    level 
durability.1 

Two  different  proportions  were  used,  or 
containing  6  and  the  other  7  sacks  of  cemer 
per  cubic  yard.  The  slump  of  the  concrel 
was  maintained  at  2  to  3  inches.  Where  ei 
trained  air  was  desired,  neutralized  Vins< 
resin  was  used  to  produce  the  quantity  ( 
air  specified. 

Table  3  shows  the  scale  ratings  of  the  su; 
faces  of  the  slabs  containing  various  percen' 
ages  of  air.     These  ratings  are  reported 
30,  36,  42,  50,  and  60  cycles  when  the  test 
were  discontinued.     Some  tests  were  discoi 
tinued  sooner  because  of  the  condition  of  tl.' 
slab.     The  slabs  having  a  cement  content  ( 
6  sacks  per  cubic  yard  had  a  maximum  a 
content  of  13  percent  instead  of  the  7  to 
percent  which  was  planned. 

The   surface   condition   of   the   slabs   aft< 
various  cycles  of  exposure  to  calcium  ehlorici 
action  is  well  illustrated  in  the  photograpr 
in  figures  3  and  4.     Figure  3  shows  the  coif 
dition  of  the  surface  of  concrete  made  with 
sacks  of  cement  per  cubic  yard,  and  varioij 
air  contents  ranging  from  1.5  to  13.0  percen 
In   each   case   the  three  slabs  in   a   vertics 
column    were    identical    in    composition    an 


1  Effect  of  entrained  air  on  concretes  made  with  so-called  "san 
gravel"  aggregates,  by  Paul  Klieger,  Journal  of  the  Americ 
Concrete  Institute,  Oct.  1948. 


Table  3. — Rating  of  resistance  to  surfac 
scaling  of  concrete  slabs  containing  vari 
ous  percentages  of  air,  part  1  of  laborator 
tests  ' 


Ce- 
ment 

Air  2 

Rating  after  freezing  and  thawing  8 
for— 

30 
cycles 

36 

cycles 

42 
cycles 

50 
cycles 

60 

cycles 

Sack/ 
cu.  yd. 
6.0 
6.0 
6.1 
5.9 

7.0 
7.2 
7.2 
7.1 

I'i  in  ill 

1.5 

2.7 

6.0 

13.0 

1.5 
2.7 
4.9 
7.2 

8 
6 
2 
0 

3 

2 
0 
0 

10 
8 
3 
0 

7 
5 
2 

1 

io" 
5 
0 

10 
8 
5 
2 

6 

2 

io" 

10 
4 

T 

2 

"e" 

i  Each  value  is  average  of  3  tests.    Slabs  cured  in  moist  a|i 
for  21  days  followed  by  14  days  storage  in  laboratory  air.     : 

2  Air  content  determined  by  ASTM   tentative  metnol 
C231-49T. 

s  Freezing  and   thawing  tests  were  discontinued   whi 
surface  selling  rating  was  10,  or  at  60  cycles. 
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'igure  5. — Effect  of  single  coat  of  mineral  oil  on  resistance  of  non-air-entrained  concrete  to 
I    scaling  after  40  cycles  of  laboratory  freezing  and   I  hairing    icilh   calcium  chloride. 
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igure  6. — Effect  of  multiple  coats  of  mineral  oil  on  resistance  of  non-air -en  I  rained  concrete 
to  scaling  after  40  cycles  of  laboratory  freezing  and  thawing  with  calcium  chloride. 


eatment.  L'nder  each  column  is  shown  the 
r  content  of  the  fresh  concrete. 
The  slabs  in  which  no  air-entraining  ad- 
ixture  had  been  added  (1.5  percent  air) 
ere  removed  from  test  at  36  cycles  because 
le  surfaces  were  rated  10  after  36  cycles  (see 
ble  3),  and  the  entire  slab  was  almost  com- 
etely  disintegrated.  Likewise  the  test  of 
le  concrete  that  contained  only  2.7  percent 
r  was  discontinued  after  42  cycles,  at  which 
jme  they  were  rated  10.  It  is  interesting  to 
te  that  at  60  cycles  6  percent  of  entrained 
r,  which  is  the  maximum  for  most  specifica- 
ons,  was  not  enough  to  give  adequate  pro- 
ction  (rating  of  8)  for  this  type  of  exposure, 
owever,  6  percent  delayed  the  start  of  scai- 
g  and  the  rate  of  disintegration  was  less, 
he  slabs  shown  in  figure  3  containing  13.0 
ircent  were  rated  2  after  60  cycles  which  is 
tie  more  than  the  start  of  scaling.  The 
gh  air  content  was  accidental  as  it  was  not 
le  intention  to  exceed  8  percent.  The  test 
as  made  even  though  it  was  realized  that 
le  strength  and  wear  resistance  would  be 
piously  affected  by  the  very  high  air  content. 
Figure  4  shows  the  slabs  made  with  con- 
ete  containing  7  sacks  of  cement  per  cubic 
rd.  The  range  in  air  content  was  from  1.5 
7.2  percent  Foi  a  given  air  content  the 
>ncretes  containing  7  sacks  of  cement  per 


cubic  yard  were  only  slightly  more  resistant 
than  the  6-sack  concretes. 

The  conclusion  that  can  be  drawn  from  the 
results  of  these  tests  is  the  importance  of  using 
as  high  an  air  content  as  possible  without 
jeopardizing  unduly  strength  or  wear  resist- 
ance. The  tests  also  show  that  the  air  con- 
tent is  far  more  important  in  its  influence  on 
resistance  to  scaling  than  the  cement  content. 
Surface  treatments,  part  2 

In  this  group  a  study  was  made  of  the  effect 
on  scaling  of  coatings  of  crankcase  oil,  un- 
diluted and  diluted,  with  various  percentages  of 
gasoline.  The  effect  of  time  of  application  of  the 
oils  on  start  of  scaling  was  also  investigated. 

Observations  made  in  the  field  on  actual 
pavements  indicate  that  scaling  was  less  likely 
to  occur  on  those  areas  in  the  middle  of  the 
traffic  lane  containing  noticeable  oil  stain  than 
in  the  wheel  tracks. .  It  is  believed  that  the 
oil  drippings  from  cars  and  trucks  fill  the  voids 
and  reduce  the  absorption  of  the  calcium 
chloride  solution. 

The  concrete  used  in  the  tests  was  made 
with  non-air-entrained  cement  and  contained 
6  sacks  per  cubic  yard.  The  mix  data  are 
given  in  table  2. 

The  slabs  in  the  first  section  of  the  group 
were  given  a  single  coating  of  unused  lubricat- 
ing or  mineral  oil  (SAE  No.  10  grade)  either 


undiluted  or  diluted  with  gasoline.  These 
surface  treatments  were  quite  similar  to  those 
used  in  New  York  State.2  The  combinations 
of  oil  and  gasoline  used  for  surface  treatment 
and  the  scale  ratings  after  15  and  40  cycles  of 
exposure  are  given  in  table  4.  The  condition 
of  these  slabs  after  40  cycles  of  freezing  and 
thawing  is  shown  in  fisun1  ,">. 

In  the  second  section  of  this  group,  speci- 
-  were  given  several  coats  of  oil.  Two 
coats  of  tlic  undiluted  oil  were  used  and  three 
coats  of  the  diluted  oils.  The  concrete  would 
not  absorb  more  than  two  coats  of  the  un- 
diluted oil  within  a  reasonable  period  of  time 
(24  hours)  without  leaving  an  appreciable 
residual  film  on  the  surface.  The  condition 
of  these  slabs  is  shown  in  figure  6. 

The  two  columns  on  the  left  in  figure  5  il- 
lustrate the  condition  of  the  slabs  without 
surface  treatment.  Calcium  chloride  was  not 
applied  to  the  slabs  shown  in  the  first  column 
from  the  left  and  the  ice  was  thawed  in  labo- 
ratory air  at  about  75°  F.  These  slabs  on 
which  no  calcium  chloride  was  used  showed 
some  action  and  were  given  a  rating  of  4. 
Calcium  cldoride  was  applied  to  all  the  other 
slabs  including  the  three  shown  in  the  second 
column  that  were  uncoated.  The  specimens 
were  all  subjected  to  40  cycles  before  the  tests 
were  discontinued.  The  uncoated  specimens  to 
which  calcium  chloride  was  applied  were  se- 
riously disintegrated  at  the  end  of  40  cycles 
and  the  surface  scale  rating  was  8. 

All  of  the  single-coated  specimens  showed 
slight  scale  and  one  of  each  group  of  three 
identical  specimens  was  badly  disintegrated. 
There  was  no  very  marked  difference  in  pro- 
tection given  by  the  undiluted  oil  as  compared 
to  the  different  dilutions  as  indicated  by  the 
ratings  which  varied  from  2  to  4. 

The  surface  ratings  for  the  slabs  given  mul- 
tiple coats  of  No.  10  oil  or  dilutions  of  the  oil 
with  gasoline  are  given  in  table  4,  and  the 
condition  of  the  slabs  after  40  cycles  of  freezing 
and  thawing  is  shown  in  figure  6.  The 
ratings  indicate  that  at  40  cycles  the  multiple 


2  Control  of  concrete  pavement  scaling  caused  by  chhride  salts, 
by  B.  D.  Tallamy,  Journal  of  the  American  Concrete  Insti- 
tute. Mar.  1949,  vol.  20,  No.  7. 

Table  4. — Effect  of  oil  surfaee  coatings  on 
the  resistance  of  concrete  to  scaling,  part 
2  of  laboratory  tests  ' 


Num- 
ber of 

cations 

sin  1.1.-.  (real  mi  nl 

CaCla 
for 

thaw- 
ing 

Rating  aftei 
freezing  and 
thawing  for— 

15 
cycles 

40 
cycles 

~T 
i 
i 

"T 

3 

2 

No 
Yes 

-!  e 
Yes 

Yes 

No 

Yes 
Yes 

yes 

2 
4 
2 

2 

2 

2 
4 
2 

2 

2 

4 
8 
4 

3 

2 

4 
8 

2 

3 
3 

50%  SAE  10  oil,  50% 

gasoline. 

SAE  10  oil,  25% 

gasoline. 
100%SAE10oiI 

None 

50%  SAE  in  oil,  503 

gasoline. 
75%  SAE  10  oil,  25% 

gasoline. 
100%  SAE  10 oil 

1  Each  value  is  average  of  3  tests.    Slabs  cured  in  moist  air 
for  -'I  days  followed  by  14  days  storage  in  laboratory  air. 

2  Surface  treatment  applied  at  the  rate  of  1  gallon  per  20 
square  yards  al  age  of  28  days. 
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oil  !'   in 

preventing  scaling  I  coating. 

>s  in   the  series 
indicates  thai  -■■"  "ill  prevent 

scaling    from    bee* 

l,.    break     in     the    surface    permits    bhe 
,,iin    chloi i  enter  the   con- 

crete under  the  oil-impregnated  layer.  On 
pavements  in  service  such  breaks  in  the  oil- 
protected  surface  ma\  be  caused  by  tire 
chaii 

-  proposed  in  iSTew  York  State  that  the 
oil  coal  could  be  applied  to  plastic  concrete 
in  lieu  of  a  membrane  curing  compound. 
Therefore,  to  obtain  information  on  the  effect 
of  such  application,  oil  was  applied  to  three 
3  hours  after  molding  to  simulate  the 
lime  of  application  of  a  membrane  curing 
cm ii pound.  The  other  six  slabs  were  given 
7  days  moist  curing.  Three  of  the  six  were 
given  no  further  treatment.  To  the  remaining 
three  an  oil  surface  coat  was  applied  after  7 
days  drying.  The  ratings  of  these  slabs 
after  15,  25,  50,  and  60  cycles  of  freezing  and 
thawing  are  shown  in  table  5.  The  applica- 
tion of  oil  to  the  surface  of  plastic  concrete 
was  definitely  detrimental  and  resulted  in 
much  more  severe  scale  than  similar  concrete 
that  received  no  surface  treatment.  The 
slabs  on  which  the  oil  was  applied  to  the 
plastic  concrete  were  rated  10  and  the  ones  on 
which  no  oil  was  used  were  rated  6  after  60 
cycles  of  freezing  and  thawing. 

The  concrete  given  an  oil  treatment  after 
14  days  had  far  better  resistance  to  scaling 
than  that  which  received  no  earlier  surface 
treatment.  These  slabs  were  rated  3.  These 
tests  indicate  that  the  oil  protective  coat 
cannot  be  applied  at  an  early  age  and  still 
have  value  in  improving  resistance  to  scaling 
caused    by    application    of    calcium    chloride. 

Admixtures  of  oils,  part  3 

In  this  phase  of  the  investigation,  paraffin 
base  oil,  asphalt  base  oil,  and  used  crankcase 
oil  were  used  as  admixtures  in  concrete. 
The  mixes  and  the  mix  data  for  the  concrete 
used  in  this  group  are  given  in  table  2.  The 
scale  ratings  of  the  slabs  are  shown  in  table 
6  after  20,  30,  50,  65,  and  75  cycles  of  freezing 
and  thawing  with  calcium  chloride.  Figure  7 
shows  the  specimens  after  75  cycles  of  freezing 
and  thawing. 

The  paraffin  base  oil  and  the  asphalt  base 
oil  were  ineffective  in  delaying  the  start  of 
scaling  or  in  controlling  the  rate  of  progress 
of  the  scaling.     As    may    be   seen    from   the 


Table  ">. — Effect  of  time  of  application  of 
oil  coaling  on  the  resistance  of  concrete 
to  scaling,  part  2  of  laboratory  tests  x 


1 

Ratio 

»  after  freezing  and 
haw  ing  for — 

15 

l 
2 

2.r, 
•yclrs 

50 

cycles 

60 

cycles 

1 

1 

6 
3 

li 
HI 
3 
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the  slabs  containing  these  oils  showed 
more  scaling  at  20  cycles  than  the  slabs  made 
without  admixture.  At  75  cycles  the  slabs 
containing  the  paraffin  or  asphaltic  base  oils 
were  rated  10,  the  same  as  the  concrete 
slabs  without  admixture. 

The  used  crankcase  oil  was  effective  in 
retarding  the  start  of  scaling  probably  because 
of  the  air  entrained  in  the  plastic  concrete. 
The  concrete  containing  this  material  was 
rated  1  after  50  cycles  and  4  after  75  cycles. 

Since  some  of  the  materials  used  as  ad- 
mixtures are  of  value  in  delaying  the  start 
of  scaling,  the  effect  of  these  admixtures  on 
other  properties  of  concrete  is  important. 
To  study  these  properties,  concretes  containing 
these  admixtures  were  tested  for  flexural  and 
compressive  strength,  durability  as  measured 
by  freezing  and  thawing  (specimens  frozen 
in  water),  and  volume  change  due  to  drying. 

The  mix  data  for  the  strength  specimens  are 
shown  in  table  7.  Seven  mixes  were  used, 
one  a  base  mix  without  admixture  containing 
6.0  sacks  of  cement  per  cubic  yard  of  concrete 
with  a  slump  of  approximately  3  inches.  The 
other  6  mixes  contained  the  admixtures  and 
were  similar  to  the  base  mix,  except  that  the 
sand  and  water  content  was  reduced  to 
maintain  approximately  the  same  slump  and 
cement  content. 

The  one-third  gallon  of  oil  was  selected 
because  it  was  the  amount  used  in  previous 
tests  for  waterproofing  concrete.  Twice  this 
amount  was  also  used  to  determine  if  there 
were  any  harmful  effects  from  using  more  than 
that  recommended. 

The  air  contents  of  the  mix  without 
admixture  and  of  the  mixes  containing  the 
paraffin  and  asphalt  base  oils  ranged  from 
1.0  to  1.2  percent.  The  air  content  for  the 
mix  containing  one-third  gallon  of  used 
crankcase  lubricating  oil  per  sack  of  cement 
was  6.4  percent,  and  for  the  mix  containing 
two-thirds  of  a  gallon  it  was  5.0  percent.     Air 


Table  6. — Rating  of  resistance  to  suri'a« 
scaling  of  concrete  slabs  containing  oi 
as  admixture,  part  3  of  laboratory  tests 


Admixture 

Air  2 

Rating  after  freezing  and  thaw-  > 
ing  for— 

20 
cycles 

30 
cycles 

50 
cycles 

65 
cycles 

75 
cycles 

None 

Per- 
cent 
2.0 

5.7 
2.0 
2.4 

1 

1 
3 
3 

2 

1 
4 
5 

3 

1 
4 
5 

9 

2 
10 
10 

in 

4 
10 

in 

Used    crank- 
case oil 

Paraffin  oil 

Asphalt  oil..- 

i  Each  value  is  average  of  5  tests.  Slabs  cured  in  moist  El 
for  14  days  followed  by  40  days'  storage  in  laboratory  air.{ 

-  Air  content  determined  bv  ASTM  tentative  methd 
C231-49T. 

determinations   were   made   using   a  pressui 
type  air-meter. 

The  water  required  per  sack  of  cemei] 
for  the  mixes  containing  the  paraffin  base  an 
asphalt  base  oils  was  only  slightly  less  tha 
that  required  for  the  plain  mix  for  the  sard 
slump  and  cement  content.  For  the  mi 
containing  one-third  gallon  of  used  crankcas 
lubricating  oil,  it  was  0.3  of  a  gallon  less,  an] 
for  two-thirds  of  a  gallon  it  was  0.5  of 
gallon  less. 

The  workability  of  all  of  the  mixes  contah 
ing  the  admixtures  was  better  than  that  t 
the  plain  concrete.  This  improvement  wa 
greater  for  those  mixes  which  entrained  ail 

For  each  mix,  eight  6-  by  6-  by  21-inc 
beams  and  eight  6-  by  12-inch  cylinders  wer 
made,  two  each  on  4  different  days.  Fou 
beams  and  four  cylinders  were  tested  at  7  day 
and  four  at  28  days.  All  specimens  wei 
stored  continuously  in  moist  air  until  testec 

Strength  Tests 

The  results  of  the  strength  tests  are  give 
in  table  8.  The  table  also  shows  the  ratio 
of  the  strength   developed  with  admixture 


Paraffin  base  oil 


Asphalt  base  oil 


igure  7. — Effect  of  oil  admixtures  on  resistance  of  concrete  to  scaling  after  75  cycles  q 
laboratory  freezing  and  thawing  with  calcium  chloride. 
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ADMIXTURE 
Figure  8. — Strength  ratios  of  concrete  containing  oils. 


approxim 

yard  of  conn 

The  other  four  mixes  contained  1 1 

and  were  similar  to  the  plain  mi 

sand   and    water  d   to 

maintain  approximately  the 

and  cement,  content. 

The  mixes  and  materials  used  were  similar 
to  those  used  in  the  strength  tests  except  that 
the   maximum   size   of   coat  was 

1  inch  instead  of  V/i  inches,  and  the  percentage 
of  sand   ,,  The  use  of  a  smaller 

maximum    size    coarse   aggi  suited   in 

higher  air  contents  in  the  concretes  than 
those  in  the  concretes  used  for  the  strength 
specimens.  The  greatest  difference  was  in 
the  mixtures  containing  two-thirds  of  a  gallon 
of  used  crankcase  oil.  Five  percent  air 
obtained  for  the  concrete  (lj^-inch  maximum 
size)  for  the  strength  specimens  and  10  pen 
for  the  concrete  (1-inch  maximum  size)  for 
the  freezing  and  thawing  specimens.  \  mix- 
ture containing  one-eighth  gallon  of  used 
crankcase  oil  was  included  in  the  freezing  and 
thawing  series.  This  mix  had  an  air  content 
of  5.2  percent  which  is  within  the  accepted 
limits. 

For  each  mix,  nine  3-  by  -1-  by  10-inch 
beams  were  made.  Three  beams  were  used 
for  freezing  and  thawing,  three  were  used  for 
control  and  were  tested  for  flexural  strength 
along  with  the  freezing  and  thawing  speci- 
mens, and  three  were  used  for  drying  shrinkage 
tests. 


xpressed  as  percentages  of  the  strengths  of 
the  corresponding  concrete  without  admixture. 
The  strength  ratios  are  shown  graphically  in 
figure  8. 

It  should  be  noted  that  the  use  of  the 
admixtures  included  in  this  series  resulted  in 
reductions  in  the  28-day  flexural  and  compres- 
sive strengths.  The  28-day  ratios  for  the 
paraffin  and  asphalt  base  oils  series  ranged 
from  92  to  100  for  flexural  strength  and  93  to 
100  for  compressive  strength.  These  reduc- 
tions would  not  be  considered  serious  if  the 
use  of  the  admixture  resulted  in  an  improve- 
ment in  the  durability  of  the  concrete. 

There  was  a  greater  reduction  in  the 
strengths  of  the  mixtures  containing  used 
crankcase  oils.  The  use  of  these  admixtures 
resulted  in  the  entrainment  of  air  in  the 
concrete;  therefore  the  strength  ratio  of  85 
percent  specified  in  the  Tentative  Specifica- 
tions for  Air-Entraining  Admixtures  for 
Concrete,  ASTM  Designation  C260-52T  will 
serve  as  a  basis  for  comparison. 

The  strength  ratios  for  the  mixtures  con- 
taining one-third  gallon  of  used  crankcase  oil 
per  sack  of  cement  were  lower  than  the  ASTM 
Standard,  and  for  those  containing  two-thirds 
of  a  gallon  the  ratios  were  all  above  85  percent 
except  the  compressive  strength  ratio  at  7  days 
which  was  83  percent.  The  lower  strengths 
of  the  J^-gallon  mixtures  were  probably  due 
to  the  air  content  of  6.4  percent  as  compared 
to  5.0  percent  for  the  ^-gallon  mixtures. 

The  mix  data  for  the  freezing  and  thawing 
specimens  and  the  volume  change  specimens 
are  given  in  table  9.  Five  mixes  were  used, 
one  base  mix  without  admixture,  containing 


Table  7. — Effect  of  oils  on  properties  of  concrete,  mix  data  for  strength  specimens' 


Mix  by 
dry  weight 

Admixture 

Cement 

Water 

Slump 

Air  2 

Weight  of 
plastic 
concrete 

Amount 

Type 

Pounds 
94-195-350 

94-195-350 
94-190-350 

94-195-350 
94-190-350 

94-180-350 
94-170-350 

Cut.  mW. 

% 

H 

% 

% 

None ...  .  . 

Suck/ 

cu.  yd. 

6.0 

6.0 
6.0 

6.0 
6.0 

5.8 
6.0 

Gal./sack 
5.6 

5.5 
5.3 

5.5 
5.3 

5.3 

5.1 

Inches 
2.7 

3.2 

2.7 

2.7 

2.8 

3.1 
2.5 

Peru  nt 
1.1 

1.0 
1.2 

1.0 

1.0 

('».  1 

5.0 

v..  ft. 
153.  2 

152.8 
152.3 

1  .V.'.  1 

145.0 

1411.  1 

Paraffin  base  oil .  ... 

do 

Asphalt  base  oil 

do 

Used  crankcase  oil __    ... 

do 

1  Materials  used:  cement,  brand  A;  siliceous  sand,  F.  M.=2.70;  crushed  limestone  coarse  aggregate,  lji-inch  maximum 

2  Air  content  determined  by  ASTM  tentative  method  C231-49T. 


Table  8 

— Effect  of  oi 

Is  on  the  strength  of 

concrete  ' 

Admixture 

Air  2 

Modulus  of  rupture  3 

Compressive  strength  * 

\im      at 

Type 

7  days 

28  days 

7  (1: 

28(1 

Strength 

Ratio 

Strength 

Ratio 

Strength 

Ratio 

Strength 

Gal./sack 

M 
% 

Vs 

M 
% 

Pet. 
1.1 

1.0 
1.2 

1.0 
1.0 

6.4 

5.0 

P.s.i. 

580 
605 

615 
615 

495 
570 

Pet. 
100 

96 

100 

102 
102 

82 

111 

P.s.i. 

765 

705 
735 

730 

765 

640 
720 

Pet. 
1C0 

92 

'.Hi 

95 

100 

M 

3,  560 
3,  45(1 

2,  72(1 

I'd. 
100 

KM 
76 
83 

fit. 
100 

lull 
?8 

Paraffin  base  oil 

do  ...     

Asphalt  base  oil 

do ... 

Used  crankcase  oil 

do 

'  Each  value  is  the  average  of  4  test  s 

i  Ail-  content  determined  by  ASTM  tentative  met  hod  C2 


with 


J  Specii~~ 
relative  strength  are  based  on  the  strengths  for  the  mix  without  admixture 
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Table  9. — Effect  of  nit- 


on properties  of  concret 
drying  shrinkage 


e,  mix  dala  for  freezing 
specimens  i 


.1   1 1. 


and 


Mixl 
iveighl 

Cement 

Water 

Slump 

Air! 

Weight  of 

plastic 
concrete 

H 

ch.  yd. 
5.9 
6.0 
6.0 
5. 9 
5.6 

Gal.  /sack 
6.3 
5.8 
5.8 
5.6 
5.6 

Inches 
3.3 
3.9 
3.8 
4.1 
4.2 

Percent 
1.2 
1.3 
1.3 
5.2 
10.0 

Lb.  /cu.  ft. 

149.9 
148.7 
148.9 
144.5 
137.0 





e  oil               ______ 

e  oil 

id  A;  siliceous  sand,  F.  M.=2.70;  crushed  limestone  coarse  aggregate,  1-inch  maximum  size. 
by  AS T.\I  tentative  method  C231-49T. 

The  results  of  (lie  freezing  and  thawing 
are  shown  in  table  10  and  figure  9.  The 
burs  (3  by  -I  by  Hi  inches)  for  the  freezing  and 
thawing  tests  were  stored  in  moist  air  for 
28  days  prior  to  the  start  of  the  test.  The 
freezing  and  thawing  tests  were  made  in  a 
manner  similar  to  that  described  in  a  previous 
article.3 

The  sonic  modulus  (A/2)  was  determined  on 
i  he  specimens  prior  to  freezing,  and  then 
after  regular  intervals  of  freezing  and  thawing 
the  percentage  decrease  in  _V2  was  determined.4 
When  a  group  of  specimens  showed  an  average 
decrease  in  _V2  of  40  percent,  they  were  con- 
sidered disintegrated,  and  freezing  and 
thawing  was  then  discontinued  and  flexural 
strength  tests  were  made.  On  the  remaining 
specimens  freezing  and  thawing  was  discon- 
1  at  70  cycles  and  flexural  strength  tests 
were  made. 

In  table  10  are  given  the  losses  in  A/2,  the 
durability  factors,  and  the  results  of  flexural 
strength  on  both  the  unfrozen  control  bars  and 
the  bars  which  had  been  frozen  and  thawed. 
The  durability  factor  (DF)  was  calculated  as 
follows: 

(100-L)n 


The  bars  containing  one-eighth  of  a  gallc 
of  used  oil  and  two-thirds  of  a  gallon  of  use 
oil  showed  a  loss  in  A/2  of  17  and  22  percen 
respectively,  after  70  cycles  of  freezing  an 
thawing.  The  flexural  strengths  were  66  an 
55  percent  of  that  of  the  unfrozen  specimen 
However,  these  concretes  contained  5.2  an 
10.0  percent  air.  The  durability  factors  f< 
these  bars  were  83  and  78  representing  ver 
good  resistance  to  freezing  and  thawing. 

The  results  of  the  volume  change  tests  ai 
shown  in  table  11  and  in  figure  10.  The  bai 
for  the  volume  change  tests  were  made  wit 
stainless  steel  gauge  plugs  cast  in  the  end 
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Figure  9. — Effect  of  admixtures  of  oils  on  the  resistance  of  concrete  to  freezing 

and  thawing. 
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40 


DF-- 
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\\  here: 

Z/  =  loss  in  A/2  at  n  cycles. 
n=  number  of  cycles  at  which  A/2  reaches 
10  percent  or  70  if  loss  of  40  percent  is 
not  reached  by  end  of  test  (70  cycles). 
Durability  factors  of  70  or  greater  for 
the  particular  conditions  of  this  test 
an-  considered  satisfactory. 
The  concrete  without  admixture  showed  a 
loss  in    A/2  of   56   percent   after   6   cycles   of 
freezing     and     thawing.     The    freezing    and 
thawing  bars  had  a  flexural  strength  of  24 
percent  of   the   unfrozen    control  bars.     The 
lilitj  factor  was  3. 
The   concretes   containing    two-thirds   of  a 

ick  of  cement 
and  two-thirds  of  a  gallon  of  asphalt  base  oil 
showed  a  n  duel, ion  in  A'-'  of  53  percent,  and  54 
percent,  respectively,  after  1 1  cycles  of  freezing 
and  thawing,  and  the  flexural  strengths  were 
30  and  31  percent  of  the  coi  responding  control 
bars.  The  durability  factor  was  7  for  both 
concrete-:. 
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Figure  10. — Effect  of  admixtures  of  oils  on  the  shrinkage  of  concrete. 
Table  10.— Effect  of  oils  on  the  resistance  of  concrete  to  freezing  and  thawing  in  water 


,   by 

F.  H.  i, 

vol.  27,  No.  12 


1954, 


Admixture 

Air  ■ 

Loss  in  N2  at— 

Dura- 
bility 
factor  3 

Flexural  strength, 

3-  by  4-  by  16-inch 

beams  * 

Amount 

Type 

6 
cycles 

11 
cycles 

25 
cycles 

35 
cycles 

50 
cycles 

70 
cycles 

Control 

Freezing 

and 
thawing 

Galjsaek 

None. 

Pel. 
1.2 
1.3 
1.3 

5.2 
10.0 

Pet. 
56 
32 
35 

7 
6 

Pet. 

~53 

54 
12 
17 

Pet. 

"io 

12 

Pet. 

"ii 

12 

Pet. 

~14 
17 

Pel. 

*17 
22 

3 

7 

7 

83 

78 

P.s.i. 

970 
1,030 
895 
905 
740 

P.s.i. 

235(24) 
305(30) 
285(31) 
600(66) 
410(55) 

ParafTin  base  oil 
Asphalt  base  oil__ 
Used  crankcase  oil 
do 

Application  oj  i 
of  concrete,  by  F.  H    Bornibro 
Dec.  1939,  I/.  5. 


150 


1  Each  value  is  average  of  3  tests  on  3  beams. 
»  Air  content  determined  by  ASTM  tentative  method  C231-49T. 
3  Durability  factor  calculated  at  70  cycles  of  freezing  and  thawing 
■  lieams  tested  with  bottom  as  molded  in  tension  (4-inch  depth) 
I  li  of  the  corresponding  unfrozen  control  specimens 


Figures  in  parentheses  indicate  the  percentage  of  th( 
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Table  12. — Effect  of  urea  and  inhibitor  for 
calcium  chloride  on  the  resistance  of  con- 
crete slabs  to  scaling,  part  i  of  laboratory 
tests  ' 


Non« 


Calcium  chloride 
Thawing  agent 


Figure   11. — Effect   of   thawing  agent   on    the   resistance   of  non-air - 
£.'  entrained    concrete    after     17    cycles    of    laboratory   freezing    and 
I  halving. 


ifhey  were  stored  in  moist  air  in  the  molds 
or  2  days.  After  removal  from  the  molds, 
bey  were  stored  in  laboratory  air  at  72°  F. 
ind  50  percent  relative  humidity.  The  bars 
rere  measured  when  they  were  removed  from 
he  moist  room  and  then  after  regular  intervals 
»f  drying.  The  percent  reduction  in  length 
vas  calculated  from  these  measurements, 
kfter  180  days  storage,  the  test  was  discon- 
tinued. All  the  concretes  containing  admix- 
tures showed  less  shrinkage  than  the  plain 
ion  crete. 

Be  of  urea,  part  4 

Urea,  an  organic  compound,  which  is 
■eported  to  be  non-corrosive  to  metals,  had 
)een  suggested  as  a  thawing  agent  to  replace 
;he  more  commonly  used  chlorides  particularly 
m  streets  with  underground  streetcar  cables. 
The  tests  in  this  investigation  were  made  to 
;ompare  the  ice-melting  properties  of  urea 
frith  calcium  chloride  and  to  study  the  effect 
)f  urea  on  the  surface  of  non-air-entrained 
concrete  when  used  for  ice  removal. 

A  comparison  was  made  of  concrete  slabs 
)n  which  no  thawing  agent  was  used  with 
slabs  on  which  either  calcium  chloride  or  urea 
sras  used.  The  rate  of  application  of  the 
;hawing  agent  was  varied  from  1  to  3  pounds 
per  square  yard  of  exposed  surface  of  the  slab. 
Table  12  shows  the  scale  ratings  at  10,  15,  and 
17  cycles  of  freezing  and  thawing,  and  figure  11 
shows  the  slabs  after  17  cycles.  The  slabs 
shown  in  the  figure  were  thawed  with  2  pounds 
per  square  yard  of  either  salt  applied  to  the 
surface  of  the  slabs. 


In  general,  the  rate  of  application  of  the 
thawing  agent  appeared  to  have  only  a  slight 
effect  on  the  scale  resistance  of  the  concrete, 
After  10  cycles,  the  slabs  on  which  1  pound  of 
calcium  chloride  was  used  had  a  rating  of  7 
and  the  ones  on  which  2  or  3  pounds  were  used 
had  ratings  of  9.  After  15  cycles  all  specimens 
on  which  calcium  chloride  was  used  had  a 
rating  of  10. 

The  specimens  on  which  urea  was  used,  in 
general,  showed  slightly  less  scaling  than  those 
on  which  calcium  chloride  was  used.  The  use 
of  smaller  amounts  of  urea  per  square  yard 
of  surface  caused  less  depth  of  scaling  and 
also  appeared  to  retard  the  start  of  scaling 
slightly  as  may  be  seen  from  the  ratings  in 
table  12. 

The  rate  of  thawing  of  the  ice  on  the  slabs 
on  which  urea  was  used  appeared  to  be  slower 
than  the  thawing  rate  when  calcium  chloride 
was  used.  The  slabs  on  which  no  thawing 
agent  was  used  showed  only  light  scale  after 
17  cycles  of  freezing  and  thawing  in  the  air  of 
the  laboratory. 

Use  of  rusl  inhibitor 

It  is  claimed  that  the  corrosive  effect  of 
calcium  chloride  on  steel  such  as  automobile 
fenders  can  be  greatly  retarded  by  inhibiting 
the  action  with  buffer  materials.  Two 
different  percentages  of  an  inhibitor  were 
mixed  with  calcium  chloride  and  applied  to 
the  surface  of  the  concrete  slabs.  The  mix- 
ture containing  1  percent  inhibitor  by  weight 
of  the  calcium  chloride  was  used  at  three 
different    rates   of   application,    1,    2,    and    3 


Table  11. — Effect  of  oils  on  the  drying  shrinkage  of  concrete  ' 


Admixture 

Air  2 

Reduction  in  length  (0.001  percent)  after  storage  in 
ratory  air'  at  72°  F.  and  50  percent  relative  humidity 
for— 

Amount 

Type 

5 
days 

20 

days 

17 
16 
12 
16 

17 

50 

days 

70 
days 

Kill 
days 

150 

180 

Gal./sack 

None --- 

Paraffin  base  oil-. 

Pet. 
1.2 
1.3 
1.3 

5.2 
10.0 

6 

6 
6 

8 
4 

38 

34 
31 

40 
35 

31 

is 
36 

IS 
35 
35 

41 
44 

48 
35 

14 

37  I 
ill  1           40  |           17 

do      

Hate  of  applies!  ion  and 
thawing  a 

Rating  after  frei 
and  i  hawinf 

10 

15 

Cycles 

17 

None.  .. 

2 

7 

7 
5 

9 
8 

9 

10 
8 

3 

10 
8 
8 
8 

10 
9 

s 

10 

1(1 
9 

3 

10 
8 
8 
8 

10 
10 
9 

10 
10 

10 

1  lb.  per  sq.  yd.: 

CaCl                       

CaCh+l  %  inhibit 
CaCh+5  %  inhibitor 
Urea.   . 

2  lb.  per  sq.  yd.: 
CaCl 

CaCh+l  %  inhibitor 
Urea.     .         - 

31b.  per  sq.  yd.: 

CaCl,     .                  

CaCh+]  %  inhibit™ 
Urea ...... 

1  Each  value  is  average  of  tests  of  3  beams. 

2  Air  content  determined  by  ASTM  tentative  method  C231-49T. 
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1  Each  value  is  tlic  average  of  3  tests,    slabs  cured  in  moist 
air  14  days  and  then  laboratory  ail  foi  90  days.     Coni 
was  non-air-entrained. 


pounds  per  square  yard,  and  the  mixture 
containing  5  percent  inhibitor  was  used  only 
at  the  rate  of  1  pound  per  square  yard  of  sur- 
face. 

In  table  12  are  shown  the  relative  scaling 
ratings  determined  after  10,  15,  and  17  cycles 
of  freezing  and  thawing.  It  will  be  noted 
that  the  rust  inhibitor  had  little  effect  on  the 
scaling  action  of  the  concrete  caused  by 
calcium  chloride  and  its  use  as  a  rust  inhibitor 
with  calcium  chloride  would  have  no  practical 
significance  as  far  as  the  resistance  of  the 
concrete  is  concerned.  There  appeared  to 
be  no  difference  in  the  extent  of  scaling  on  the 
slabs  between  those  on  which  mixtures  of  1 
percent  and  5  percent  inhibitor  were  used 
with  the  thawing  agent. 

Vacuum  treatment,  part  5 

It  has  been  demonstrated  that  the  use  of 
vacuum  mats  consolidates  plastic  concrete 
with  the  consolidation  probably  being  greater 
at  the  surface  than  in  the  body  of  the  concrete 

Vacuum  treatment  was  applied  to  two 
types  of  concrete,  air-entrained  and  non-air- 
entrained.  Two  cement  conlenls.  li  and  7 
sacks  per  cubic  yard,  were  used  with  and  with- 
out air.  The  details  of  the  mixes  and  the 
air  contents  are  shown  in  table  2.  The 
method  of  using  simulated  the  commercial 
method  of  application  to  Hat  slabs  using  a 
vacuum  pad  and  pump.  The  scale  ratings 
are  given  in  table  13. 

The  aon-air-entrained  concrete  containing 
6  sacks  of  cemenl  per  cubic  yard  and  subjected 
to  a  vacuum  treatmenl  showed  a  much 
improved  surface  resistance  to  the  action  of 
the  chloride  as  compared  to  the  untreated 
concrete.  The  slab-  mad.'  from  co 
containing  6  sacks  ol  cement,  aon-air-en- 
trained, and  untreated  were  rated  10  at  30 
cycles,  whereas  those  with  the  vacuum  U 
m,Mii  were  rated  onlj  I  after  55  cycles. 
Photographs    of    tl  for    the    concrete 

containing  6  sacks  of  cement  per  cubic  ■ 
in    figure    12  and  for  the   7-si 
rete  in  figure  13. 

In   the  ease  of  the  concrete  containing  7 
sacks   of   cemenl    without   entrained 
improvement  was  very  mut  han  thai 
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observed    for   sim  containii 

;     of    cei  ,1>i('    >'ai' 

8    at    30 

les  and  10  at  55  I  to  the 

30  cycles  and    I  a1 

cycles.     This  menl   with  other 

tests  of  vacii  i  "■'  rete.     Ii   has 

leaner    mixes    are 

of    the    greater 

quanl  i  ater  removed. 

h  was  found  that  concretes  \\  ith  air  entrain- 
:   and  containing  both  6  and   7  sacks  of 
cemenl  per  cubic  yard  atly  improved 

in  resistance  to  the  chloride  attack  by  use  of 
the  vacuum  method.  This  was  not,  antici- 
pated as  it  was  believed  I  hat  the  vacuum 
treat  menl  would  not  benefit  air-entrained 
concrete  because  such  concrete  has  inherent 
istance  in  the  first  place,  and  secondly  the 
vacuum  treatment  would  lower  the  air  content 
al  the  surface.  The  only  explanation  that 
appears  reasonable  is  the  probable  reduction 
in  the  water-cement  ratio  at  the  surface  of  the 
concrete. 

Discussion  of  Outdoor  Tests 

As  mentioned  earlier  in  this  report,  the  con- 
crete specimens  for  the  outdoor  exposure  test 


Figure  14. — Exposure  area  for  test  specimens 


were  16  by  24  by  4  inches  deep.     The  concrel  e 
contained  approximately  6  bags  of  cement  per 


6  sacks  of  cement  per  cubic  yard 
1 .7  percent  air  7.4  percent  air 


-  ^&**tfi 


"<r 


i.;  r,g.  »!*■■;■«»  i' 


■■'<. 

I 


«*M 


HirintiiiiflntiPliii...'.: 


lltiiimiUnii 


30  cycles 
Plain 


55  cycles 
Vacuum 


55  cycles 
Plain 


55  cycles 
Vacuum 


Figure  12. — Effect  of  vacuum -surface  treatment  on  resistance  to  scaling  of  concrete  after 
indicated  cycles  of  laboratory  freezing  and  thawing  ivith  calcium  chloride. 


7  sacks  of  cement  per  cubic  yard 


1 .7  percent  air 
»ii«i»'i.i    i     mm 


—H 


—  •-    /.-Wi;  ;» •  ■■■■•      |      *0*m  .?*«^.«rfp»  .»*■■'■»» 


IHSbAtfttMKM      I 


7.8  percent  air 

mmm 


'W'WlHW 


30  cycles 
Plain 


55  cycles 
Vacuum 


■  »wn»Hrc»nm 


55  cycles 
Vacuum 


Figure  13. — Effect  of  vacuum-surface  treatment  on  resistance  to  scaling  of  concrete  after 
indicated  cycles  of  laboratory  freezing  and  thawing  with  calcium  chloride. 
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cubic  yard  and  the  maximum  size  of  aggrega 
was  1  inch.  Further  details  of  the  concre 
proportions  are  given  in  table  14.  T\ 
cements  were  used,  a  high  and  a  low  alki 
cement;  table  1  shows  the  chemical  analys 
of  the  cements. 

The  specimens  exposed  outdoors  during  tl 
winter  of  1951-52  were  cast  in  water-tig' 
wooden  molds  with  metal  bottoms.  Tl 
concrete  specimens  were  made  in  the  la 
oratory  during  the  spring  of  1951,  and  cur< 
in  the  moist  room  until  the  summer  of  195 
They  were  then  placed  outdoors  and  in  tl 
fall  when  freezing  was  expected,  the  surfac 
were  covered  with  from  one-fourth  to  one-ha 
inch  of  water.  The  water  was  held  on  tl 
surface  by  the  raised  edge  on  top  of  the  spec 
men.  On  those  slabs  tested  during  the  winij 
of  1951-52,  19  cycles  of  freezing  and  thawir 
were  obtained.  Any  freezings  that  occurri 
on  weekends  are  not  included  in  the  tes 
because  in  general  no  salt  application  w; 
made  on  either  Saturday  or  Sunday  durii 
this  series. 

Figure  14  shows  the  exposure  plot  phot' 
graphed  in  the  spring  of  1954.  The  methc 
of  examining  and  removing  any  loose  mort 
before  rating  the  slab  is  shown  on  the  cov 
page.  The  same  scale  of  rating  was  used  f< 
the  large  slabs  as  for  the  small  laboratoi 
slabs.  A  rating  of  5  or  more  was  considers 
major  scaling. 

Air-entraining  admixture,  part  1 

One  slab  was  made  for  each  admixtu 
tested.  As  a  basis  of  comparison  two  not 
air-entrained  slabs  were  made.  The  thawin 
agent  used  was  calcium  chloride  and  it  wj 
applied  at  the  rate  of  2.4  pounds  per  squat 
yard  in  a  manner  similar  to  that  used  on  til 
la  I  (oratory  specimens. 

Table  15  shows  the  ratings  of  the  slal 
after  7,  12,  and  19  cycles.  The  differei: 
admixtures  have  been  arranged  in  the  tab 
in  seven  groups  corresponding  to  the  groupin 
in   the  evaluation  tests  of  air-entraining  acj 
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Table  13. — Effect  of  vacuum  treatment  on 
the  resistance  of  concrete  to  scaling,  part 
5  of  laboratory  tests  1 


1    Cement 

Aiv  = 

Surface 
treatment 

U:ii  ing  after  freezing  and 
thawing  for— 

15 

cycles 

25 

cycle 

30 
cycles 

55 
cycles 

Sackl 
cu.  vd. 

6.0 

6.0 

6.2 

6.2 

7.0 
7.0 
7.1 
7.1 

Per- 
il a! 
1.7 
1.7 
7.4 
7.4 

1.7 
1.7 
7.8 

7.8 

None 

Vacuum 

None..     .  . 
Vacuum... 

None 

Vacuum 

None.. 

Vacuum 

3 

2 
0 
1 

3 

3 

1 
0 

9 
3 
2 
1 

9 
8 
3 

0 

10 
3 
3 
1 

10 
8 
3 
0 

4 
5 
2 

10 
5 
0 

i  Each  value  is  average  of  3  tests.  Slabs  stored  in  moist 
lir  14  (lays  followed  by  21  days  in  laboratory  air. 

3  Air  content  determined  by  ASTM  tentative  method 
C231-49T. 


mixtures  described  in  a  previous  report  and 
with  the  same  identification  numbers.5 

The  non-air-entrained  concretes  used  as  a 
basis  of  comparison  had  light  scale  over  most 
of  the  surface  and  some  moderately  deep  scale 
at  7  cycles  (ratings  of  5  and  6)  and  both  were 
badly  scaled  (rating  of  10)  at  the  end  of  19 
cycles. 

With  one  exception,  the  use  of  air-entrain- 
ing admixtures  consisting  of  salts  of  wood 
resin  resulted  in  concretes  .having  very  good 
resistance  to  the  action  of  calcium  chloride. 
The  one  exception,  admixture  No.  6,  was 
rated  6  at  the  end  of  19  cycles. 

The  use  of  the  air-entraining  admixtures, 
consisting  of  synthetic  detergents,  in  concrete 
was  ineffective  in  reducing  scaling.  The 
concretes  had  poor  resistance  with  all  but  two 
showing  complete  scaling  of  the  surface 
(rating  of  10)  at  19  cycles.  Even  the  two 
exceptions  were  rated  4  and  6  at  19  cycles. 

Admixtures  of  the  sulfonated  lignin  type 
were  effective  in  preventing  major  scaling  up 
to  19  cycles  at  which  time  the  tests  were 
discontinued.  All  specimens  were  rated  1  at 
19  cycles. 

There  were  only  two  admixtures  in  the 
group  of  salts  of  petroleum  acids.  One  of 
these  in  concrete  had  good  resistance  to  scaling 
and  the  other  admixture  in  this  group  was  fair 
(rating  of  6  at  19  cycles). 

Neither  of  the  two  admixtures  made  from 
salts  of  proteinaceous  acids  had  much  value 
in  reducing  scaling  of  concrete  even  though 
these    admixtures    entrained    air    comparable 


JSee  footnote  3,  p.  150. 


Table  14. — Mix  data  for  slabs  exposed 
outdoors,  (16  by  24  by  4  inches  deep)  ' 


Concrete 

Mix  by 

dry 

wci'.'hl 

Ce- 
ment 

Water 

Slump 

Air 

Non-air-entrained. 
Air-entrained 

Pounds 

94-215- 

315 
94-200- 

315 

Sack/ 

cu.vd. 

6.0 

6.0 

Gal./ 
sack 
6.1 

5.6 

Inches 

3.0 
3.0 

Per- 
cent 
1.8 

6.0 

1  Figures  given  are  average  values  for  parts  1  to  4  inclusive. 
In  part  2,  33)4  percent  of  the  cement  was  replaced  by  equal 
solid  volume  of  fly  ash.  Materials  used:  Type  I  cement, 
brands  A  and  B;  siliceous  sand,  F.  M.=2.70;  crushed  lime- 
stone coarse  aggregate,  1-inch  maximum  size. 


with  the  other  air-entraining  admixtures.  At 
the  end  of  19  cycles  the  surfaces  of  the  con- 
cretes were  nearly  as  bad  as  those  concretes 
containing  no  air-entraining  admixtures.  How- 
ever, major  scaling  was  delayed  to  10  or  12 
cycles. 

The  four  admixtures  consisting  of  fatty 
and  resinous  acids  and  their  salts  were  very 
effective  and  all  the  concretes  in  which  they 
were  used  showed  excellent  resistance  to 
calcium  chloride  attack.  Likewise  the  ad- 
mixture containing  organic  salts  of  sulfonated 
hydrocarbons  was  of  value  in  concrete  in 
preventing  scaling  caused  by  the  surface 
application  of  calcium  chloride. 

These  tests  are  of  particular  interest  because 
they  show  that  the  percentage  of  entrained 
air  alone  may  not  be  the  controlling  factor  in 
determining  the  degree  of  resistance  to  calcium 


chloride  attack.     Some  of  the  concreti 

air  contents  bel  ed  good 

resistance  and   some'  containing 

over  .">  percent  showed  rather  poi 

After  the  19  cycles  of  freezing  and  thawing 
with  calcium  chloride,   the  slabs    tvere  sa 
into  five  4-  by  4-  by  10-inch  beams.     T 
beams  were  tested  for  flexural  strength  i 
12-inch  span  with  center-point  loading.     The 
tops  as  molded  (the  surface  on  which  calcium 
chloride    was    used)    were    in    tension, 
strengths  were  relatively  high  with  only  one 
value   below    700    p.s.i.    modulus    of   rupture 
which  indicates  that  the  concrete  under  the 
scale  was  structurally  sound. 

Other  Variables  Considered 

Because  a  single  slab  was  made  for  each 
condition  in  the  preliminary  investigation,  it 


Table  15. — Effect  of  air-entraining  admixtures  on  resistance  of  concrete  to  scaling, 
preliminary  tests  of  cement  brand  A  molded  on  a  metal  base  and  exposed  outdoors  ' 


Admixture  number 

Air 

Rating  after  freezing  and 
Mi  awing  for— 

Modulus  of 
rupture  - 

7  cycles 

12  cycles 

19  cycles 

Base  Mix:  No  Air-Entraining  Admixture 

None..  

Percent 
1.1 
1.3 

6 
5 

8 

7 

10 
10 

7,V. 

Do.         — 

Salts  of  Wood  Resin 

1 

5.5 
6.2 
6.4 
5.2 
5.6 
5.0 
4.5 

1 
1 
1 
1 
0 
N           1 
0 

1 

1 
2 
2 
1 
4 
1 

2 
1 
2 
2 
3 
6 
2 

830 

711) 
650 

MO 
775 

Mill 

B30 

2          .  -- 

3 

4                         

5                                _       _.  

6                       

Synthetic  Detergents 

6.4 
5.0 
4.0 
4.8 
4.8 
4.8 
5.4 

1 
1 
4 
3 
3 
2 
1 

3 
2 
8 
8 

7 
7 
6 

6 
4 

10 
10 
10 
10 
10 

705 

780 
815 
770 

750 

;  50 

13                           ...  _  

Salts  of  Sulfonated  lignin 

5.8 
6.7 
6.4 
3.2 

0 
0 

0 
0 

1 
1 
1 

1 

1 
1 
1 

1 

mo 

870 
1080 

Salts  of  Petroleum  Acids 

6.  5 

5.0 

0 
2 

0 

4 

1 

6 

860 

Salts  of  Proteinaceous  Materials 

5.1                     3 
5.6                     2 

5 
6 

8 
9 

7!lll 

Fatty  and  Resinous  Acids  and  Their  Salts 

4.2 
5.6 
1.8 
6.4 

1 
0 
0 

1 

1 

1 
1 
1 

1 

2 
2 

860 
815 

Organic  Salts  of  Sulfonated  Hydrocarbons 

5.3 

0 

1 

, 

810 

.  Slabs  made  Feb.  1951,  stored  in  moist  air  about  100  days.  Outdoor  freezing  and  thawing  with  CaOJ,  for  19  cycles  , 

thg  rStlr  19 cyctefof freezing  and  thawing  i  sawed  into  five  4-  by  4-  by  16-inch  1 

by  centefloadmg  on  a  12  mch  span  with  1 1 
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Table  L6.— Effecl  of  air-entraining  admixtures  on  resistance  of  concrete  to  scaling,  part 
1,  cements  A  and  H  molded  on  a  metal  base  and  exposed  outdoors 


Ccmi 

Cemeni  H 

Air 

in 
thawing  for— 

Ur 

Rating  after  freezing 
thawing  for— 

and 

12 

17 
cycles 

39 
cj  cles 

51 

cycles 

12 
cycles 

17 

39 
cycles 

51 
cycles 

Base  Mix:  No  Air-Entraining  Admixture 

Nun, 

.",  ret  hi 
l.s 
2.  1 
1  8 
l.'.i 
1.0 

6 

l 

s 
6 
8 

10 
5 
HI 
HI 
10 

hi 
id 
in 
10 
10 

10 
10 
10 
10 
10 

Percent 
1.0 
2.1 
1.1 
1.1 
O.ti 

4 
8 
8 
8 
3 

8 
10 
10 
10 
10 

10 
10 
10 
10 
10 

1(1 

10 
10 
10 

10 

Uo 

Salts  of  Wood  Resin 

1 

('..  1 
7.  3 
6.0 
6.  1 
4.9 
6  3 
5.7 
4.0 
6.4 

0 

1 
) 
1 

:< 
l 
l 
1 
2 
1 

1 
3 
2 
6 
1 
1 
1 
2 
1 

2 
6 

2 

5.7 
5.8 
6.5 
6.  0 
6.0 
5.1 
7.8 
5.6 
6.4 

0 
1 
1 
1 
1 
1 
2 
1 
1 

1 
1 
1 
1 
1 
1 

o 
2 

1 

1 

2 
2 
2 
2 
2 
2 
2 
1 

1 

3 
2 
3 
2 
3 
2 
3 
2 

2 

;                                        ...... 

t 

6 

7  .      

30   .       

I] 

....__. 

Synthetic  Detergents 

12      ....   

6.7 

5.4 
6.3 

8.  I 

1 
1 

0 
0 

1 

2 
1 
1 
1 
1 

2 
2 
3 

1 
7 

4 
3 

5 
1 
0 

5.6 
4.0 
4.9 
4.8 

0 
I 
1 
1 

1 
2 
5 
1 

1 
2 

1 

2 
2 
8 

1 

n 

17                                      

28                                     ..... 



Salts  of  Sulfonated  Lignin 

is 

19 

7.0 

::.  7 
5.1 

1 
1 
1 

1 
1 
1 

1 
1 

1 

2 
2 
2 

5.5 
2.8 
5.5 

1 
2 
0 

1                1 
4                5 
1                2 

1 
7 
2 

21                     .... 

Salts  of  Petroleum  Acids 

11 

27                       

7.  1 
6.  5 

0 

1 

1 
1 

2 
1 

4 

1 

0.7 
4.1 
5.1 

1 

1 
1 

1 

1 
1 

1 
1 
2 

1 
3 
2 

272... 

Salts  of  Proteinaceous  Materials 

2t 

55 

5.5 
6   1 

1 

0 

1 
1 

4 
3 

9 
0 

4.3 

4.1 

1 
1 

2 

1 

4 
2 

8 
0 

Fatty  and  Resinous  Acids  and  Their  Salts 

'x 

7.6 

6  8 
6.7 

(1 
1  " 

0 

1 

T 
i 

1 
.... 

1 

3 

'.' 
2 

8.4 
4.3 
5.0 
5.5 

1 
1 
1 
1 

1 
1 
1 
1 

1 
1 
2 

1 

1 
5 
2 

2 

8  ' 

9. 

in 

Organic  Salts  of  Sulfonated  Hydrocarbons 

23                         

7.5 

1 

i 

1 

2 

5.  I', 

1 

1 

1 

3 

Miscellaneous 

5.7 
5.7 

1 
1 

i 
i 

1 
1 

2 
2 

4.5 
6.9 

1 
1 

2 

1 

2 

1 

2 

1 

:;i  . 

Feb    May  1952,  and  cement  B  slabs,  Mar.-.Tune  1952,  then  stored  in  moist  air  30  to  120  days  and 
placed  in  exposure  ana.     Outdoor  freezing  and  thawing  with  CaCh  during  the  winter  of  1952-53  for  17  cycles  and  winter  of 

peal  of  admixtures,  8,  26,  and  :'7  with  correct  amount  of  air. 


was  considered  desirable  to  repeal   the  early 

1  extend   it,  td  (-over  (idler  variables. 
In  I  .'   !'i..'_'  iii.isi  of  (lie  same  27  air- 

entr;  Imixtures  and  a  lev.  other  admix- 

tures I   too  late   in   be   used   the   In   I 

!      idi  of  two  different  port- 
land  to  make  two  series  of  exposure 

dlar  to  tho  '    1 1     previous  5 

aents  arc  identified  as  cemeni 
B.     The   winter   of    1952-53    v 


mild  and  the  17  cycles  obtained  were  not 
nearly  so  severe  as  those  obtained  the  previous 
winter.  Under  the  conditions  of  test  all  the 
concretes  regardless  of  the  air-entraining  ad- 
mixture or  brand  of  cement  gave  good  resist- 
ance after  the  first  year  of  exposure.  These 
slabs  remained  in  the  exposure  area  during 
the  summer  of  1953  and  were  all  tested  again 
during  the  winter  of  1953-54  and  were  subject 
to   an   additional   34   cycles  of  freezing  and 


thawing,  making  a  total  of  51  cycles.  Thirt  I 
four  cycles  were  obtained  by  making  tests  c 
Saturdays  and  Sundays.  However,  this  w; 
also  a  mild  winter  with  the  temperatu 
seldom  falling  below  25°  F. 

The  ratings  of  the  slabs  made  with  cemen 
A  and  B  are  given  in  table  16.  It  is  interestin 
to  note  that  the  extent  of  scaling  at  the  end  i 
51  cycles  in  general  was  not  as  severe  as  tha 
obtained  in  the  earlier  test  in  1951-52  whei 
the  concrete  was  exposed  to  only  19  cycles  e 
severe  freezing.  The  two  mild  winters  an 
the  greater  age  of  the  slabs  at  the  time  of  th 
second  exposure  probably  accounted  for  th 
better  resistance  of  the  second  series  of  test 

Two  slabs  were  made  using  admixture  N< 
26  and  cement  A.  In  the  first  the  air  confer 
was  8.4  percent  which  was  greater  than  ir 
tended.  For  this  reason  another  slab  wa 
made  with  an  air  content  of  5.6  percent.  Th 
slabs  with  5.6  percent  air  were  badly  scale 
(rating  of  9)  at  51  cycles,  whereas  the  sla 
with  8.4  percent  had  a  rating  of  1  at  51  cycle.' 
This  was  an  indication  that  slight  difference 
in  air  contents  may  account  for  differences  i 
the  scaling  on  different  slabs  containing  th 
same  admixture.  However,  when  this  admi> 
ture  was  used  in  concrete  with  cement  B  and  th 
air  content  was  only  4.8  percent,  the  resistanc 
to  attack  by  calcium  chloride  was  very  gooc 

A  comparison  of  the  results  obtained  wit 
the  two  cements  used  indicates  that  the  slab 
containing  type  B  cement  were  not  as  severel 
attacked  as  those  made  from  type  A.  In  th 
group  of  wood  resins  the  concretes  containin 
admixtures  2  and  4  showed  ratings  of  3  fo 
type  B  cement  at  the  end  of  51  cycles,  and  th 
same  admixture  made  with  type  A  cement  hai 
scale  ratings  of  6  and  7,  respectively.  In  th 
case  of  concretes  containing  synthetic  deter 
gents,  all  the  slabs  with  cement  A  showe< 
extensive  scaling  except  the  one  containin 
8.4  percent  air,  whereas  with  those  made  wit! 
cement  B  only  one  of  the  four  slabs  showet 
more  than  slight  (rating  2)  scaling. 

The  concrete  slab  containing  cement  3 
and  admixture  No.  19,  sulfonated  lignin,  an 
having  an  air  content  of  2.8  percent  had 
rating  of  7  at  51  cycles,  whereas  all  the  othe 
slabs  with  higher  air  contents  containin 
sulfonated  lignin  had  ratings  of  2  or  less.  Tin 
lack  of  resistance  to  salt  action  of  the  one  sla 
in  this  group  may  be  attributed  to  the  lov 
percentage  of  entrained  air. 

The  concretes  containing  salts  of  petroleun 
acids,  fatty  acids  and  resinous  acids  and  thei: 
salts,  and  the  miscellaneous  air-entraining  ad 
mixtures  showed  satisfactory  resistance  wher 
used  with  both  cements. 

The  concretes  containing  salts  of  protein 
aceous  materials  showed  major  scaling  witl 
both  cements. 

One  or  two  representative  air-entraining  ad 
mixtures  of  each  group  were  used  in  concrete 
cast  on  a  sand  base.  Comparable  slabs  wen 
cast  for  both  cements  A  and  B.  The  ratings 
of  these  slabs  are  shown  in  table  17.  Onlj 
one  slab  with  cement  B  had  a  rating  of  3,  twe 
had  a  rating  of  1,  and  the  others  were  rated  S 
at  51  cycles. 

Table  18  shows  a  direct  comparison  betweer 
metal  and  sand  bases.     In  general,  the  actior 
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'able  17. — Effect  of  sand  bases  on  resistance  of  air-entrained  concrete  to  scaling,  part 
cements  A  and  B  molded  on  a  sand  base  and  exposed  outdoors  ! 


I, 


Admixture  number 


Cement  A 


\u 


Rating  after  freezing  and 
thawing  for — 


12 
cycles 


17 
cycles 


39  51 

cycles  |  cycles 


I  ,  mi 


Air 


after  freezing  and 

thawing  for — 


12 
cycles 


17 
cycles 


39 


Base  Mix:  No  Air-Entraining  Admi--  i 


None. 


I'ncait 

l.l 


in 


Percent 
0.6 


Salts  of  Wood  Besin 


5.0 


6.0 


Synthetic  Detergents 


Salts  of  Sulfonated  Lignin 


3.5 


2.6 


Salts  of  Petroleum  Acids 


4.3 


4.3 


Salts  of  Proteinaceous  Materials 


4.5 


3.7 


Fatty  and  Resinous  Acids  and  Their  Salts 


4.3 


Organic  Salts  of  Sulfonated  Hydrocarbons 


23 


5.3 


6.1 


51 
cycles 


3.7 

1 

2 

2 

2 

4.5 

1 

1 

1 

6.7 

1 

2 

2 

2 

4.8 

1 

1 

1 

'  Slabs  made  in  June  1952,  stored  in  moist  air  for  30  days,  and  then  stored  in  exposure  area.    Outdoor  freezing  and  thawing 
I  (vith  CaCh  during  the  winter  of  1952-53  for  17  cycles  and  during  the  winter  of  1953-54  for  34  cycles. 


No  fl 


y  ast 


Fly  ash  A 


Fly  ash  B 


[lement  A 

Non-air- 

>ntrained 


Table  18. — Comparison  oi  md  sand 

bases  on  the  resistance  of  air-entrained 
concrete  to  scaling,  part  i  of  outdoor 
tests  ' 


ture  number 


None. 
2     _   . 

12 

Id    . 

27 

24.... 

10 

23 


nt  A 


Sand      Mel;,  I 


in 
0 
4 
2 
I 
9 


10 

1(1 

2 

3 

2 

2 

2 

7 

3 

2 

3 

8 

2 

2 

3 

3 

III 

2 

2 
3 
2 
2 
2 
1 


1  These  data  also  appear  in  tables  it;  l t. 

of  calcium  chloride  is  less  severe  on  air-en- 
trained concrete  that  is  cast  on  a  sand  b 
than  when  the  concrete  is  cast  in  a  water- 
tight metal  based  mold  that  does  not  allow 
any  of  the  water  to  escape  from  the  plastic 
concrete. 

Use  of  fly  ash,  part  2 

Four  fly  ashes,  a  fine  and  coarse  fly  ash 
from  each  of  two  sources,  were  each  used  to 
replace  33}i  percent  of  the  cement  in  a  6-sack 
mix.  The  fly  ashes  (A  and  B,  table  19)  from 
one  source  had  carbon  contents  of  less  than  1 
percent  and  those  from  the  other  source  (X 
and  Y,  table  19)  had  carbon  contents  of  5.0 
and  11.2  percent.  From  each  source  the  coarser 
material  had  the  lower  carbon  content.  Two 
cements  were  used,  cement  A  and  cement  B. 
Cement  B  had  a  very  low  alkali  content  and 
cement  A  a  high  alkali  content.  Table  1 
contains  a  comparison  of  the  chemical  anal- 
yses and  calculated  compound  composition. 

The  concrete  for  the  exposure  slabs  was 
cast  in  molds  with  metal  bases.      Two  types  of 


Fly  ash  X 


Fly  ash  Y 


lement  A 
Air-entrained 


Non-air-  $&  -  '-,,  K?  *£'$>*  '. 

entrained  A?*JSr^SL'"*a, V's  -  -  ^Ij 


Cement  B 
Air-entrained 


Figure  15.— Effect  of  fly  ash  on  resistance  of  concrete  to  scaling.     Test  panels  photographed  in  1054  after  51  cycles  of  outdoor  freezing 

and  thawing  with  calcium  chloride. 
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Table  19.— Effect  of  fl\  ash  on  resistance  of  concrete  to  scaling,  part  2,  cements  A  and  B 
Ac<l  on  metal  bases  and  exposed  outdoors  ' 


Kah!                            nd  thawing  for— 

12  cycles             17  cyi 

39  cycles 

51  cycles 

Non-Air-Entrained  Concrete:  Cement  A 

I'i  la  ill 

V 

111 

3 

10 

10 

A 

1.0 

6 

6 

1(1 

10 

V 

IS 

1.(1 

6 

8 

10 

10 

X 

1.0 

7 

8 

10 

10 

V 

y 

1.0 

6 

S 

10 

10 

\ 

Air-Entrained  Concrete:  Cement  A 

4.0 

1 

2 

2 

3 

A 

V 

4.6 

2 

3 

3 

4 

\ 

B 

5.4 

3 

4 

4 

4 

A 

X 

4.9 

4 

6 

7 

t 

\ 

Y 

4.3 

4 

6 

6 

7 

Non-Air-Entrained  Concrete:  Cement  B 

B 

None 

1.0 

3 

8 

10 

10 

B 

\ 

1.0 

4 

8 

9 

10 

B 

B 

1.1) 

4 

8 

10 

10 

B 

X 

1.0 

6 

8 

10 

10 

B 

Y 

1.0 

5 

8 

10 

10 

Air-Entrained  Concrete:  Cement  B 

B 

None 

6.8 

1 

2 

2 

2 

B 

\ 

4.0 

1 

2 

4 

4 

B 

!( 

3.3 

5 

6 

7 

7 

B 

X 

3.9 

6 

8 

8 

8 

B 

Y 

5.8 

6 

8 

8 

8 

1  Slabs  made  June  1952,  stored  in  moist  air  30  days,  then  stored  in  exposure  area.    Outdoor  freezing  and  thawing  with 
CaCh  during  the  winter  of  1952-53  for  17  cycles  and  during  the  winter  of  1953-54  for  34  cycles. 

-  Where  fly  ash  was  used,  33'A  percent  of  the  cement  was  replaced  by  an  equal  volume  of  fly  ash. 
s  Air  in  non-air -entrained  mixes  calculated,  others  measured  by  ASTM  tentative  method  C231-49T. 


concrete  were  used,  non-air-entrained  and  air- 
entrained  concrete.  The  ratings  at  12,  17, 
39,  and  51  cycles  are  shown  in  table  19,  and 
photographs  at  51  cycles  are  shown  in  figure  15. 

The  plain  concretes  without  air-entrainment 
and  without  fly  ash  replacements  for  part  of 
the  cement  had  very  poor  resistance  to  attack 
by  the  chloride  salt.  None  of  the  fly  ashes 
used  as  replacements  for  part  of  the  cement 
were  effectual  in  improving  the  resistance  of 
non-air-entrained  concrete  to  attack  by  cal- 
cium chloride. 

Entrained  air  greatly  increased  the  resist- 
ance of  the  plain  concrete,  In  air-entrained 
concrete  all  the  fly  ash  replacements  for 
cement  were  detrimental  to  the  resistance  to 
scaling  of  the  concrete,  as  indicated  by  the 
ratings  of  4  to  8.  The  alkali  content  of  the 
cement  appeared  to  have  had  no  relation  to 
the  resistance  of  the  resulting  concrete  to  at- 
tack by  calcium  chloride  used  for  ice  removal. 
The  extent  of  attack  by  calcium  chloride  did 
not  appear  to  differ  much  with  the  brand  of 
cement  or  with  the  fly  ash  used  as  a  replace- 
ment for  cement. 

Type  of  curing,  part  3 

Table  20  gives  the  ratings  of  concrete  slabs 
cured  by  different  methods.  Portland  cement 
A  was  used  in  all  slabs.  The  slabs  were  cast 
outdoors  in  wood  molds  on  sand  bases  and 
remained  in  the  molds  for  3  days.  They  were 
then  removed  from  the  molds,  the  sides 
painted,  and  the  slabs  placed  in  the  exposure 
area.  Two  rounds  of  slabs  were  made  for  the 
'i trained  concrete  on  different  days, 
round  for  the  air-entrained  concrete. 
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For  purposes  of  comparison,  slabs  given  no 
curing  were  cast  in  molds  with  metal  bases  and 
with  sand  bases. 


Considerable  difference  in  resistance  waBi 
observed  between  the  two  rounds  of  test  slabs 
regardless  of  curing  treatment.  All  the  slab 
in  round  1,  even  the  slab  given  no  curing 
showed  better  resistance  than  those  cast  ii 
round  2  except  burlap  plus  oil.  This  differenc 
in  rounds  is  a  common  experience  in  curin] 
studies  carried  out  under  the  humidity  condi 
tions  which  prevail  in  the  Washington  area 
Because  of  the  greater  attack  on  the  slabs  ii 
round  2,  differences  due  to  curing  are  mori 
apparent.  In  the  discussion  that  follows  onl; 
the  second  round  is  considered. 

In  general,  the  different  methods  of  curing 
had  little  effect  on  the  scale  resistance  of  thi 
resulting  concrete.  Wet  burlap  curing  for 
days  followed  by  a  lubricating  oil  surfaci 
treatment  at  28  days  was  effective  in  reducing 
sealing.  Concrete  containing  an  admixture  o 
lubricating  oil  and  cured  3  days  under  we 
burlap  was  also  effective  in  reducing  scaling 

With  air-entrained  concrete  little  or  nc1 
scaling  occurred,  and  it  is  not  possible  to  dis 
tinguish  between  the  relative  effect  of  any  o 
the  curing  methods  tried. 

Vacuum  treatment,  part  I 

Comparisons  were  made  between  the  regul 
method  of  finishing  concrete  and  the  vac-nun 
method.  The  ratings  of  the  slabs  after  variou 
cycles  are  shown  in  table  21.  These  specimen 
were  made  and  cured  outdoors.  After  curing 
under  wet  burlap  for  3  days  the  sides  were 
waterproofed  and  the  slabs  were  then  placed 
in  the  exposure  area. 

Non-air-entrained  concrete  was  cast  in 
molds  with  metal  bases  and  in  molds  with 


Table  20. — Effect  of  curing  on  resistance  of  concrete  to  scaling,  part  3,  cement  A  molded 
on  bases  indicated  and  exposed  outdoors  ' 


Type  base 


Initial  curing1 


Surface  treatment ; 


Admixture 


Rating     after     freezing 
and  thawing  for — 


12 
cycles 


17 
cycles 


39 

cycles 


51 
cycles 


Non-Air-Entrained  Concrete  ' 


Metal.. 

Do. 
Sand,— 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

I  In 

Do. 

\>u 

Do. 
Do. 
Do. 
Do. 
Do. 


None.. 

—  .do 

....do 

....do 

Burlap 

-..do 

—do 

—  .do 

—  .do- 

---do 

Paper 

--do 

do 

Membrane  A_. 

-..do 

Membrane  B  -  _ 

—  .do 

Lubricating  oil. 

—  .do 

—  .do 


None 

...do 

....do. 

do 

do 

.—do 

I. llln  h.illlrj  .ill 

-do 

None 

do 

-..do 

.-do 

Lubricating  oil. 

None 

do__. 

--do._ 

do 

—  .do 

-.-do 

—do--.. 


None 

—do 

do 

do.. 

..—do-. 

—do — 

—do 

do 

Lubricating  oil. 

.--.do 

None 

—do 

do-- 

do 

—do 

—do 

-.do 

Lubricating  oil. 

.... .  do 

—do 


1 

1 

1 

4 

0 

1 

1 

2 

0 

1 

1 

3 

0 

1 

0 

1 

0 

1 

1 

2 

0 

1 

1 

4 

0 

3 

1 

1 

0 

1 

1 

1 

0 

1 

0 

2 

1 

1 

0 

2 

Air-Entrained  Concrete  5 


Metal,. 
Sand  — 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 


None __. 

...do 

Burlap 

--.do 

Paper 

Membrane  A 

Membrane  B 

Used  crankcase  oil . 


None. . 
...  -do. 
.....do. 

..... do. 

.... .  do. 
— do. 
—  _do. 

.....  do. 


Vinsol  resin 

do 

do 

Used  crankcase  oil 

Vinsol  resin 

do 

do-. 

Used  crankcase  oil 


0 

1 

1 

0 

1 

1 

1 

2 

2 

1 

1 

1 

0 

1 

1 

0 

1 

1 

0 

1 

2 

0 

0 

2 

i  All  slabs  made  outdoors  in  July  1952,  removed  from  molds  after  3  days,  and  then  stored  in  exposure  area.     Outdoor 
fi  <ezing  and  thawing  with  CaCh  during  the  winter  of  1952-53  for  17  cycles  and  the  winter  of  1953-54  for  34  cycles. 

2  Curing  applied  after  1^  hours  of  placing  of  slab  and  if  removed,  removed  after  3  days. 

3  Surface  protective  treatment  applied  after  28  days. 

I  Air  content  of  non-air-cntrained  concrete  approximately  2  percent. 

II  Air  content  of  air-entrained  concrete  approximately  i\i  percent. 
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bio  21. — Effect  of  vacuum  surface  treatment  on  resistance  of  plain  and  air-entrained 
joncrete  to  scaling,  part  4,  cement  A  molded  on  bases  indicated  and  exposed  outdoors  ' 


1 

Air 

Type  base 

Surface  treatment  - 

izing  and  thawing  for — 

12  c 

17  cycles 

39  cycles 

51  cycles 

Perct  nt 

1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 

2.6 
2.0 
3.2 
3.  -' 
5.2 
5.2 
6.1 
6.1 
7.0 
7.0 
10.0 
10.0 

Metal.... 

do 

.  do__„- 

None 

] 
1 
1 
1 

1 

1 
1 
0 

1 
0 
1 
0 
0 
0 

1 

0 

1 

0 
0 
0 

1 
4 
2 
4 

1 
4 

1 

1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
0 

8 
10 

4 
7 

'.I 
10 
2 
2 

2 
2 
2 
1 

2 
1 
2 
1 
3 
1 
1 
0 

II) 

HI 
1) 
HI 

III 
10 
4 

4 
2 
2 
1 
2 
1 
2 
1 
3 
2 
1 
0 

do 

Vacuum. .. 

..  do.. 

....  do 

Sand 

None ..  . 

....  do 

do 

.  do 

Vacuum .  _   

do 

do 

do 

None 

Vacuum ... 

do. 

..  do.. 

None 

Vacuum   .   

..  do. 

.  do 

None 

..  do 

Vacuum ...  ..  ... 

None 

Vacuum 

._  do 

..  do... 

do.. 

None 

_  do.. 

Vacuum 

do 

..  do.. 

None 

Vacuum.   ......     ..  .. 

1 

i  Slabs  made  outdoors  in  September  1952.  cured  with  wet  burlap  for  3  days,  and  then  stored  in  exposure  area.     Outdoor 
izing  and  thawing  with  CaClj  during  the  winter  of  1952-53  for  17  cycles  and  the  winter  of  1953-54  for  34  cycles. 
2  Vacuum  applied  to  surface  of  plastic  concrete  for  J.i  hour. 


mp  sand  bases.  One-half  of  the  specimens 
it  in  each  type  base  were  finished  in  the  reg- 
W  manner  by  brooming  and  the  other  half 
:re  subjected  to  vacuum  finishing  using  a 


vacuum  pad  covering  the  entire  surface  of  the 
concrete.  A  vacuum  of  18  to  25  inches  of 
mercury  was  applied  for  about  30  minutes. 
The  vacuum  pad  was  removed  and  the  speci- 


men given  a  fiual  trowel  finish.    The  vacuum- 
placed  slat;-  were  covi  i  wet  burlap  I 
hour  after  they  wen:  ca 
covered  after  2  hours. 

The  concrete  cast  in  molds  with  metal  bases 
and  subjected  to  vacuum  treatment  had  about 
the  same  resistance  to  sealing  as  that  placed 
by  the  conventional  methods.  One  of  the  two 
vacuum-placed  specimens  had  a  little  In 
resistance  than  the  other.  In  the  case  of  the 
non-air-entrained  com  ■  in  molds  with 

sand  bases,  there  was  a  marked  improvemenl 
in  the  resistance  to  scaling  of  the  vacuum- 
placed  specimens.  It  seems  likely  that  the 
metal  base  mold  inhibits  the  removal  of  the 
water  normally  withdrawn  by  the  vacuum 
process. 

The  air-entrained  concrete  specimens  for 
vacuum  treatment  were  cast  on  sand  bases. 
The  air  content  varied  from  2.6  to  over  10 
percent.  The  lowest  air  content  of  2.6  percent 
for  the  untreated  concrete  had  a  rating  of  4  at 
51  cycles  while  the  comparable  vacuum- 
treated  concrete  had  a  rating  of  2.  The  un- 
treated concrete  with  an  air  content  of  10+ 
percent  had  a  rating  of  1  and  the  correspond- 
ing treated  concrete  had  a  rating  of  0.  In 
every  case  the  vacuum-placed  concrete  had  a 
slightly  greater  resistance  to  the  action  of  cal- 
cium chloride  than  its  untreated  counterpart. 
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Traffic  Article  Postponed 

The  article  Trends  in  Traffic  Volumes, 
Vehicle  Types,  and  Weights  which  has  ap- 
peared annually  in  Public  Roads  magazine 
since  1946  will  not  be  included  this  year. 


The  comprehensive  study  of  highways,  be- 
gun in  1954  in  accordance  with  section  13  of 
the  Federal-aid  Highway  Act  of  1954,  was 
given  preference  over  the  work  of  reporting 
and  analyzing  the  1953  traffic  trends  data. 
The  consequent  postponement  of  this  work 
has  delayed  the  publishing  of  the  usual 
traffic  trends  article  for  this  one  year.  Tabu- 
lar material,  which  would  have  been  a  part  of 
the  report  had  it  been  published,  is  available 
to  subscribers  of  Public  Roads,  and  a  set  of 
tables  giving  1953  traffic  information  will  be 
furnished  upon  request. 

Traffic  data  furnished  in  conjunction  with 
the  Section  13  study  will  undoubtedly  result 
in  revisions  being  made  in  tables  now  being 
made  available  for  1953.  Furthermore,  the 
new  information  resulting  from  the  Section 
13  study  will  make  it  possible  to  check  a 
series  of  estimates  of  total  rural  and  urban 
travel.  These  estimates  have  not  been  pub- 
lished since  1948,  because  the  many  circum- 
stances affecting  travel  made  it  inadvisable 
to  publish  the  information  without  a  sufficient 


body  of  current  basic  data  to  check  the  es 
mates  of  rural  and  urban  travel  prepared 
a  trend  basis. 

The  present  plan  is  to  publish  in  Pub) 
Roads  the  1953  traffic  trends  data  along  w 
that  for  1954  when  it  becomes  available, 
is  expected  that  the  consolidated  article  v 
include  an  analysis  of  all  rural  and  urbl 
travel,  similar  to  that  reported  in  1948. 


Errata 


The  new  pamphlet  Revisions  to  the  Manii 
on  Uniform  Traffic  Control  Devices  for  Stre 
and  Highways,  announced  in  the  Februa 
issue  of  Public  Roads  on  page  141  and  i 
eluded  with  the  list  of  publications  on  t 
inside  back  cover  of  the  magazine,  was  i 
correctly  priced.  The  correct  amount  f 
the  Manual  (including  the  1954  revisioj 
supplement)  is  $1.00  instead  of  90  cen 
The  price  of  the  Revisions  pamphlet  alo: 
is  15  cents. 
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Illinois 
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4,523 
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i.  ,      J 
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12.504 
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17,301 
3,243 
2.822 


4.0 
242.0 
182.1 


2,064 
10,303 

10.748 


9,284 
1,771 
1,401 


38.6 

62.8 
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26,030 
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Iowa 

Kansas 
Kentucky 


Maryland 


11,451 
14,989 
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-  ,  :' 
5,939 
6.604 
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442.8 


43,858 
94,689 
36.008 


22,198 
49,248 
22,055 


1,106.2 

1,935.9 

756.5 


Nebraska 

Nevada 

New  Hampshire 


i  Jersey 
t  Mexico 
?  York 


North  Carolina 
North  l>akota 
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1,112 
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14.3 

1^2. 
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6,078 
2,211 


14.9 
21.3 
155,2 


20,758 
13,847 
87.274 


18,554 

2,456 

26.775 


27.3 
160.3 
292.6 


129 

4,764 
3,256 


74 
2,303 
1,743 


102.3 

I85.0 

68.0 


7,259 

14,290 

6.631 


10,833 

8,567 

^3,138 


531.^ 
272.5 
117 . 6 


30,994 

17,554 

260,713 


3,624 
7,497 

-■,,'■! 


310.3 
171.4 
166.5 


63,685 

20,130 

101,256 


30,933 

75,991 

3,601 


13,^83 

40,170 
2." 


18.1 
255.0 
336.7 


18,224 

155,812 


340.1 
1,191.3 


16,494 
24,858 
27,738 


61.2 
35.2 


7,377 
19,168 
18.934 


3,675 
9,318 
9,750 


64.2 
207.3 
142.6 


58,353 

103,517 

12.170 


8,631 
34,598 
31.449 


27,654 
8,604 
4,527 


1,703.0 

195.3 

50.3 


14,044 

11,097 

U2iuI2Z 


78.3 
346.5 
384.6 


30,379 
10,212 
^7.85- 


935-3 

1,793.6 

22S.6 


1  ,r.2 
11,190 
77.180 
8,242 
13,274 
15.667 


641.3 
254.6 
368.1 


49.9  ■ 
451.7 
1.470.8 


27,147 
55,578 
,209_ 


861.4 
,600.8 
220.4 


M 


"*,31^ 
17,039 
16.655 


81.8 
440.1 
355.7 


12,065 
14,324 


4,031 


9,889 

27,883 

9,269 


3,514 
-5,755 


5,026 
13,692 
.  6,077 


44.1 
431.0 
234.5 


1,757 
2,647 

2,504 


M57 
1,162 

2,369 


2,443 

597 

1,548 


3.2 
8.3 

34.0 


1,441 
2,170 
-1,792 


38.2 
16.2 

70-2 


13,053 
27,407 
',184 


527 
1,069 
8£2_ 


2.8 
1.1 

5.9 


5,^36 
13,521 

13,515 


13,906 
5,150 


48.6 
273.6 
147.4 


27,799 
56,452 

l.r 


2,559 
6,430 
6,007 


15.1 

1.1 

41.7 


21,385 
21,062 


^07,151 


13,996.5 


306,618 


157,595 


3,29^.7 


1,458,932 


735,854 


13,956.1 


2,532,510 


14,020 
28,195 
J2JI5, 


4,843 

10,346 

9,673 


130.9 
720.8 
452.1 


21.1 
10.5 
Jlo6_ 


1,300,600 


31,247.3 
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Driver  Behavior  as  Affected  by 


Objects  on  Highway  Shoulders 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Shoulders  along  a  highway  expedite  traffic  and  contribute  to  driving  comfort 
and  safety.  This  study  ivas  undertaken  to  determine  hotv  driver  behavior  is 
influenced  by  parked  vehicles  or  other  objects  placed  on  shoulders  at  various 
distances  from  the  outer  edge  of  traffic  lanes.  The  objects  selected  were  a  pas- 
senger car,  a  truck,  and  a  barricade.  Each  was  placed  at  the  pavement  edge,  3 
feet  from  the  edge,  and  6  feet  from  the  edge.  Passenger  and  commercial  vehicle 
speeds  and  lateral  positions  were  recorded  on  two-lane  highways  carrying  light 
to  moderate  traffic  volumes  and  on  a  four-lane  divided  highway  carrying  up  to 
3,400  vehicles  per  hour  in  one  direction. 

For  all  vehicle  types  it  was  found  tluxt  speeds  were  not  affected  significantly 
by  objects  on  the  shoulder.  Such  objects  affected  the  lateral  position  of  only 
those  vehicles  traveling  in  the  adjacent  lane.  Objects  placed  at  the  pavement 
edge  had  the  greatest  effect  and  lateral  shifts  decreased  sharply  when  objects 
were  set  3  and  6  feet  from  the  edge.  The  narrower  the  pavement,  the  further 
the  traffic  shifted  left,  away  from  the  object  on  the  shoulder.  On  a  two-lane 
16-foot  highway,  the  shift  was  3.3  feet,  while  on  a  24-foot  surface  the  shift  was 
1.8  feet.  The  various  objects — car,  truck,  and  barricade — caused  about  the 
same  degree  of  shifting.  On  narrow  two-lane  roads,  some  vehicles  shifted  over 
the  centerline  when  the  object  was  placed  at  the  pavement  edge. 


SHOULDERS  along  a  highway  are  needed 
for  several  reasons.  They  add  to  the 
comfort  of  the  drivers  and  increase  safety. 
Wide  shoulders  provide  a  storage  space  out- 
side the  traffic  lanes  for  disabled  vehicles  and 
for  short-time  parking  of  vehicles  as  may  be 
desired  by  drivers.  They  also  serve  as  a  space 
to  avoid  an  accident  in  case  of  emergency. 

It  is  generally  believed  that  vehicles  stand- 
ing along  the  traveled  way  of  a  highway  either 
by  choice  of  the  drivers  or  due  to  mechanical 
failure  influence  the  behavior  of  vehicles  on 
the  highway.  It  is  the  purpose  of  this  article 
to  report  the  results  of  studies  made  to  de- 
termine the  extent  to  which  traffic  is  influenced 
by  parked  vehicles  or  other  objects  on  the 
shoulders  at  various  distances  from  the  edges 
of  the  traffic  lanes. 

Vehicle  speeds  and  placements  were  re- 
corded on  two-lane  highways  carrying  light 
to  moderate  traffic  and  on  a  four-lane  divided 
highway  carrying  volumes  as  high  as  3,400 
vehicles  per  hour  in  one  direction. 

Study  Procedure 

A  description  of  the  sites  selected  for  study 
for  two-lane  operations  is  given  in  table  1. 
These  sites  were  studied  in  cooperation  with 
the  Oregon  State  Highway  Department  and 
were  on  level  tangent  sections  with  no  re- 
strictive sight  distances  in  either  direction  of 
travel.  A  yellow  dashed  centerline  separated 
the  two  traffic  lanes,  and  the  pavements  were 
flanked  by  well-maintained  gravel  shoulders. 
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The  16  foot  concrete  pavement  at  site  1  was 
flanked  by  2-foot  bituminous  shoulders  beyond 
which  were  the  5-foot  gravel  shoulders. 

The  study  of  four-lane  operations  was  con- 
ducted during  September  1953,  on  a  level 
tangent  at  the  north  end  of  the  Shirley 
Memorial  Highway,  a  freeway  connecting  the 
Pentagon  Network  and  Woodbridge,  Va.  The 
section  studied  has  two  12-foot  lanes  in  each 
direction  of  portland  cement  concrete  with 
shoulders  10  feet  wide.  A  30-foot  grass  median 
separates  the  vehicles  traveling  in  the  opposing 
directions.  The  posted  speed  limit  at  this 
location  is  50  miles  per  hour  for  passenger 
cars  and  45  miles  per  hour  for  trucks. 

The  speeds  and  transverse  positions  of  ve- 
hicles were  first  recorded  at  all  locations  under 
normal  conditions,  that  is,  with  the  shoulders 
clear  of  any  object.  Similar  data  were  then 
recorded  with  the  objects  placed  on  the 
shoulder  at  various  distances  from  the  pave- 
ment edge.  The  data  for  normal  conditions 
were  used  as  a  base  to  determine  the  effect 
on  driver  behavior  of  each  of  the  several  ob- 
jects placed  on  the  shoulder.  These  data  can- 
not be  used,  however,  to  compare  driver  be- 
havior on  various  surface  widths,  becauss 
design  elements  and  traffic  conditions  were 
not  the  same  at  the  different  locations  in- 
cluded in  this  study.  The  results  of  another 
study  based  on  extensive  data  for  comparable 
locations  show  the  effect  of  roadway  width  on 
driver  behavior.1 


^Effect  of  roadway  width,  on  vehicle  operation,  by  A.  Taragin, 
Public  Roads,  vol.  24,  No.  6,  Oct.-Nov.-Dec.  1945. 


Reported  by  ASRIEL  TARAGIN 
Highway  Engineer 

Conclusions 

From  studies  of  driver  behavior  with  and 
without  objects  on  the  shoulders  of  two-lane 
and  four-lane  divided  highways  it  may  be 
concluded  that: 

1.  Vehicle  speeds  were  not  affected  signifi- 
cantly by  objects  on  the  shoulder  during  light 
to  moderate  traffic  volumes.  This  observation 
confirms  earlier  studies  of  speeds  on  narrow 
pavements  and  at  narrow  bridges  and  other 
obstructions. 

2.  Objects  parked  on  one  shoulder  affected 
the  lateral  position  of  only  those  vehicles 
traveling  in  the  lane  adjacent  to  the  occupied 
shoulder.  The  effect  was  greatest  when  the 
object  on  the  shoulder  was  at  the  pavement 
edge,  and  diminished  rapidly  with  an  increase 
in  the  distance  of  the  object  from  the  edge  of 
the  pavement. 

3.  The  narrower  the  pavement,  the  greater 
was  the  shift  of  traffic  to  the  left  or  away  from 
the  object  on  the  shoulder.  On  a  two-lane 
highway  with  a  16-foot  surface,  the  shift  was 
3.3  feet,  and  on  one  with  a  24-foot  surface  the 
shift  was  1.8  feet. 

4.  A  car,  truck,  or  barricade  on  the  shoulder 
had  about  the  same  effect  on  the  lateral  posi- 
tions of  vehicles  on  two-lane  highways.  On 
the  four-lane  highway  a  truck  had  about  the 
same  effect  as  a  car,  but  a  barricade  caused  a 
lateral  movement  about  one-half  as  great  as 
a  car  or  truck. 

Objects  on  One  Shoulder 

The  objects  placed  on  the  shoulder  included 
a  passenger  car,  a  highway  maintenance  truck, 
and  a  barricade.  Studies  were  conducted 
with  each  of  these  objects  at  the  pavement 
edge,  3  feet  from  the  edge,  and  6  feet  from  the 
edge.  Data  were  recorded  during  a  period  of 
3  hours  for  each  condition  at  each  location. 
Driver  behavior  data  were  thus  obtained  for 
nine  different  conditions  in  addition  to  the 
normal  condition  at  each  study  location.  The 
type  and  position  of  the  objects  placed  on  the 
shoulder  are  shown  on  the  cover  page.  The 
three  lines  across  the  pavement  in  the  fore- 
ground of  the  photographs  are  the  speed  and 
placement  detectors  which  were  connected  to 
recording  instruments  that  were  well  hidden 
from  the  drivers. 

The  hourly  traffic  volume  in  both  directions 
on  the  two-lane  roads  during  each  of  the 
studies  is  shown  in  table  2.     The  table  shows 
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Table  1. — Description  of  the  two-lane  highways  studied  in  Oregon 


Site 

No. 

Route  and  location 

Width  of 
pavement ' 

Width  of  shoulders 

Number  of  ve- 
hicles observed 

Bitumi- 
nous 

Gravel 

Day 

Night 

1 
2 
3 
4 

V   S  09E,  7  miles  S.  of  Salem 

Feet 
16 
20 
22 
26 

Feel 
2 

Feet 
5 
7 
9 
5 

6,600 
10,246 

9,144 
10,  694 

2,997 
1,985 

IT   S  !)9W,  S.  of  Tigard 

Tl   S  99,  6  miles  N.  of  Eugene 

U.  S.  99E,  1  mile  S.  of  Brooks _-_ -. 

1  Sites  numbered  1-3  have  Portland  cement  concrete  surfaces;  site  4  has  bituminous  surface. 


Table  2. — Hourly  traffie  volume  observed  during  study  periods  on  two-lane  highways 


Position  of  object  on  shoulder 


Shoulder  clear 

Car  at  edge  of  pavement 

Car  3  feet  from  edge  of  pavement 

Car  6  feet  from  edge  of  pavement 

Truck  at  edge  of  pavement 

Truck  3  feet  from  edge  of  pavement 

Truck  6  feet  from  edge  of  pavement 

Barricade  at  edge  of  pavement 

Barricade  3  feet  from  edge  of  pavement 
Barricade  6  feet  from  edge  of  pavement 


Daytime 


16-foot 
pavement 


V.  p.  ft. 
179 

201 
176 
190 

164 
216 

211 

247 
211 
228 


20-foot 
pavement 


V.  p.  ft. 
233 

349 
364 
258 

269 

325 
268 

344 
307 
483 


22-foot 
pavement 


V.  p.  ft. 
192 

220 
169 
213 

214 
232 
229 

280 
257 


26-foot 
pavement 


V.  p.  ft. 
282 

323 
263 


310 
287 
344 

321 
394 
364 


Nighttime 


20-foot 
pavement 


V.  p.  ft. 
152 

214 
116 
107 


146 
167 
115 


22-foot 
pavement 


V.  p.  ft. 


107 
151 


189 
99 


that  traffic  volumes  were  moderate  at  all  loc 
tions  and  not  widely  different  for  each  should 
condition  at  any  one  location;  thus  the  effe 
of  traffic  volume  or  density  was  eliminatt 
from  consideration  in  this  study. 

Data  were  analyzed  separately  for  passeng< 
cars  and  commercial  vehicles  traveling  in  eac 
of  the  two  traffic  lanes.  For  the  two-Ian 
studies,  the  data  were  also  analyzed  separatel 
for  free-moving  vehicles,  meeting  vehicles,  an 
all  other  vehicles.  Free-moving  vehicles  ai 
those  that  were  not  influenced  by  other  tram 
on  the  highway,  whereas  meeting  vehicles  ar 
those  that  might  be  influenced  by  opposin 
traffic.  Vehicles  overtaking  and  passing  othe 
vehicles  on  the  two-lane  roads  have  bee 
omitted  from  the  analysis  because  the5'  wei 
too  small  in  number  during  the  study  period 
to  be  considered. 

Normal  Speeds 

Average  passenger  car  speeds  during  norms 
daytime  conditions  at  the  different  location 
on  the  two-lane  roads  varied  from  42.9  to  48. 
miles  per  hour  as  shown  in  table  3.  Undf 
similar  conditions,  the  average  speeds  of  coir 
mercial  vehicles  (dual-tired  only)  varied  fror 
37.6  to  43.2  miles  per  hour  as  shown  in  table 
At  individual  locations,  however,  commerci 
vehicles  traveled,  on  an  average,  3.9  to  8 


Table  3. — Average  speeds  of  passenger  cars  observed  during  study  periods  on  two-lane  highways 


Position  of  object  on  shoulder 


Daytime 


16-foot  pavement 


Near  i         Far  2 


20-foot  pavement 


Near 


Far 


22-foot  pavement 


Near 


Far 


26-foot  pavement 


Near 


Far 


Nighttime 


20-foot  pavement 


Near  Far 


22-foot  pavement 


Near 


Far 


S  houlder  clear- 


Car  at  edge  of  pavement 

Car  3  feet  from  edge  of  pavement- 
Car  6  feet  .from  edge  of  pavement. 


Truck  at  edge  of  pavement.. 

Truck  3  feet  from  edge  of  pavement 
Truck  6  feet  from  edge  of  pavement- 


Barricade  at  edge  of  pavement 

Barricade  3  feet  from  edge  of  pavement.. 
Barricade  6  feet  from  edge  of  pavement. 


M.  p.  ft. 
47.1 

45.0 
45.8 
46.5 

40.9 
45.9 
45.3 

42.6 
44.4 
44.3 


M.  p.  ft. 
42.9 

43.9 
43.2 
44.4 

43.7 
43.9 
43.2 

42.4 
43.3 
42.9 


M.  p.  ft. 
45.2 

42.6 
42.5 
41.8 

42.4 
42.4 
43.4 

40.6 
40.7 
39.6 


M.  p.  A. 
43.8 

44.2 
42.9 
43.0 

41.8 
43.4 
44.3 

43.4 
42.1 
42.2 


M.  p.  ft. 
48.7 

47.0 
49.9 
49.2 

48.0 
48.4 
49.2 

47.1 
48.0 
47.8 


M.  p.  ft. 
48.9 

48.0 
48.5 
47.6 

48.6 
48.7 
49.1 

47.0 
44.2 
45.2 


M.  p.  ft. 
45.9 

45.6 
45.8 
42.9 

44.4 
45.8 
44.6 

42.0 
44.0 
44.6 


M.  p.  ft. 
46.1 

45.2 
44.9 
42.1 

44.4 
46.0 
44.3 

43.2 
42.0 
44.9 


U.  p.  ft. 
43.1 

40.8 
43.5 
43.7 


M.  p.  ft. 
41.1 

41.6 
41.8 
45.0 


M.  p.  ft. 


M.  p.  ft. 


41.7 
39.2 

40.7 


44.6 
39.9 
40.6 


46.3 
44.9 


40.6 
42.6 
44.7 


48.0 
43.9 


42.2 
43.9 

44.8 


'■i.. 


i":;i 


1  Vehicles  traveling  in  lane  adjacent  to  occupied  shoulder. 

2  Vehicles  traveling  in  lane  adjacent  to  clear  shoulder. 


Table  4. — Average  speeds  of  commercial  vehicles  observed  during  study  periods  on  two-lane  highways 


Position  of  object  on  shoulder 


Daytime 


16-foot  pavement       20-foot  pavement       22-foot  pavement       26-foot  pavement 


Near  ' 


Far2 


Near 


Far 


Near 


Far 


Near 


Far 


Nighttime 


20-foot  pavement        22-foot  pavement 


Near 


Far 


Near 


Far 


Shoulder  clear. 


M.  p.  ft. 
43.2 

40.8 
42.3 
42.4 

38.4 
41.8 
40.4 

Barricade  at  edge  of  pavement 40.8 

Barricade  3  feet  from  edge  of  pavement. 42.3 

Barricade  6  feet  from  edge  of  pavement 44.0 


Car  at  edge  of  pavement 

Car  3  feet  from  edge  of  pavement  . 
Car  6  feet  from  edge  of  pavement. 


Truck  at  edge  of  pavement. 

Truck  3  feet  from  edge  of  pavement 
Truck  6  feet  from  edge  of  pavement. 


M.  p.  ft. 
38.1 

37.5 

39.7 
38.7 

37.3 
41.5 
35.1 

38.0 
39.0 
40.6 


M.  p.  ft. 
38.5 

37.6 
36.9 
34.4 

36.9 
36.9 
37.8 

34.1 
35.4 
40.4 


M.  p.  ft. 
37.6 

37.2 
38.5 
38.5 

36.5 
37.0 
39.5 

36.8 
39.1 

40.3 


.1/.  p.  A. 
40.8 

38.6 
42.9 
40.3 

40.5 
42.3 
42.0 

43.4 
40.7 
41.0 


M.  p.  ft. 
42.4 

42.9 
41.2 
42.0 

41.6 
43.3 
41.9 

39.6 
41.9 
42.5 


M.  p.  ft. 
37.6 

41.7 
37.6 
37.8 

39.6 

37.4 
38.1 

37.6 
38.0 
40.7 


M.  p.  ft. 
39.1 

39.0 
37.4 
37.4 

40.8 
38.5 
38.3 

37.6 
36.8 
34.5 


M.  p.  ft. 
35.6 

35.2 
36.4 
37.0 


M.  p.  A. 
36.2 

34.6 
37.6 
37.7 


M.  p.  A. 


M.  p.  A. 


35.5 
31.2 
33.8 


40.3 
37.2 
34.2 


44.2 
40.3 


37.6 
38.5 
36.9 


37.8 
41.0 


37.7 
37.5 
38.9 


1  Vehicles  traveling  in  lane  adjacent  to  occupied  shoulder. 

2  Vehicles  traveling  in  lane  adjacent  to  clear  shoulder. 
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FREE  MOVING  PASSENGER   CARS 


ALL  PASSENGER  CARS 

(PASSING  VEHICLES  EXCLUDED) 


06J£CT    ,    „ 

1 — " — £-^L^^s^z____ 

°8JEC''     6    FE"    r»OU     EOCt     OF    PAVFMFM           "                ' 

PASSENGER   CARS    MEETING   OTHER 
PASSENGER     CARS 


PASSENGER    CARS    MEETING   TRUCKS 
OR  BUSES 


LANE    WIDTH    -    FEET 
Figure  1  .—Effect  of  objects  on  the  lateral  position  of  passenger  cars  traveling  in  lane 

adjacent  to  occupied  shoulder. 


miles  per  hour  slower  than  passenger  cars. 
In  addition  to  the  speeds  for  normal  condi- 
tions, tables  3  and  4  show  average  speeds 
while  each  of  the  objects  was  on  the  shoulder 
at  various  distances  from  the  pavement  edge. 
On  the  four-lane  divided  highway  during 
normal  conditions,  and  at  volumes  below  2,000 
vehicles  per  hour  in  one  direction,  passenger 
cars  averaged  about  50  miles  per  hour  in  the 
left  lane  and  43  miles  per  hour  in  the  right 
lane.  Commercial  vehicles  under  similar 
condil  ions  traveled  about  2  miles  per  hour 
slower  than  passenger  cars.  The  average 
speed  on  the:  four-lane  highway  when  carrying 
volumes  above  2,000  vehicles  per  hour  was 
far  more  dependent  on  other  conditions,  which 
could  not  be  held  constant,  than  on  the 
shoulder  condition.  For  this  reason,  there- 
fore, analysis  of  the  effect  of  an  object  on  the 
shoulder  on  vehicle  speeds  on  the  four-lane 
road  was  confined  to  volumes  below  2,000 
vehicles  per  hour. 

Effect  on  Speeds 

A  parked  vehicle  or  a  barricade  on  the 
shoulder  of  the  two-lane  highways  included 
in  this  study  had  a  general  tendency  to  reduce 
vehicle  speeds.  The  reduction,  however,  was 
not  consistently  greater  for  one  of  the  objects 
than   for   another.     Also,   the   reduction   was 


Table   5. — Change   in   average   speeds   due    to   an   object   on   one 
shoulder  of  a  two-lane  highway  compared  with  normal  speeds 


■ 
Type  of  object  on  shoulder 

Dis- 
tance of 
object 
from 
pave- 
ment 
edge 

Change  in 

average  speeds  for- 

16-foot 
pave- 
ment ' 

20-foot 
pave- 
ment 

22-foot 
pave- 
ment 

26-foot 
pave- 
ment 

All  pave- 
ment 
widths 

Passenger  Cars  Tr.j 

VELINO  I 

n  Lane  j 

Adjacent 

TO  Clea 

R  Shouli 

)ER 

Car 

Feet 

u 

i 

it 

M.  p.  h. 
1.0 

.3 
1.5 

.8 
1.0 

.3 
-.5 

.4 
0 

.9 

.7 
0 

.4 
.6 
.6 
.5 

M.  p.  A. 

0.4 

-.9 

-.8 

-2.0 

-.4 

.5 

-.4 

-1.7 

-1.6 

-.4 

-.6 

-1.2 

-.7 
-1.0 
-.6 
-.8 

M.  p.  A. 
-0.9 
-.4 
-1.3 
-.3 
-.2 
.2 
-1.9 
-4.7 
-3.7 

-.9 

-.1 

-3.4 

-1.0 
-1.8 
-1.6 
-1.5 

M.  p.  A. 
-0.9 
-1.2 
-4.0 
-1.7 
-.1 
-1.8 
-2.9 
-4.1 
-1.2 

-2.0 
-1.2 

-2.7 

-1.8 
-1.8 
-2.3 
-2.0 

M.  p.  ft. 
-0.1 

-.6 
-1.2 

-.8 
.1 

-.2 
-1.4 
-2.5 
-1.6 

-.6 
-.3 

-1.8 

-.8 
-1.0 
-1.0 

-.9 

Truck 

Barricade 

Average,  by  type  of  ob- 
ject: 
Car 

Truck 

Barricade 

Average,  by  distance  of 
object: 
0  feet 

3  feet 

6  feet 

Average,  all  conditions. .. 

Commercial  Vehicles  1 

^RAVELIN 

3  IN   LAN 

E   ADJACE 

NT  TO  C] 

.EAR  SHO 

ULDER 

Car 

0 
3 

6 
0 
3 
6 
0 
3 
6 

-0.6 

1.6 

.6 

-.8 

2.6 

-3.0 

-.1 

.9 

2.5 

.5 
-.4 
1.1 

-.5 
1.7 
0 
.4 

-0.4 

.9 

.9 

-1.1 

-.6 

-1.9 

-.8 

1.5 

2.7 

.5 

-1.2 

1.1 

-.8 
.6 
.6 
.1 

0.5 

-1.2 

-.4 

-.8 

.9 

-.5 

-2.8 

-.5 

.1 

-.4 

-.1 

-1.1 

-1.0 
-.3 
-.3 
-.5 

-0.1 
-1.7 
-1.7 
1.7 
-.6 
-.8 
-1.5 
-2.3 
-4.6 

-1.2 

.1 

-2.8 

0 
-1.5 
-2.4 
-1.3 

-0.2 

-.1 

-.2 

-.3 

.6 

-1.6 

-1.3 

-.1 

.2 

-.2 
-.4 

-.4 

-.6 

.1 

-.5 

-» 

Truck. 

Barricade 

Average,  by  type  of  ob- 
ject: 
Car 

Truck 

Barricade .  .. 

Average,  by  distance  of 
object: 
0  feet 

3  feet 

6feet 

Average,  all  conditions 

1 16  feet  of  Portland  cement 

concrete 

with  2-fo 

ot  bitumi 

nous  shot 

ilders. 

Table   6. — Change  in   average   speeds  due   to   an   object   on   one 
shoulder  of  a  two-lane  highway  compared  with  normal  speeds 


Type  of  object  on  shoulder 


Dis- 
tance of 
object 
from 
pave- 
ment 
edge 


Change  in  average  speeds  for- 


efoot 
pave- 
ment  ' 


20-foot 
pave- 
ment 


22-foot 
pave- 
ment 


26-foot 
pave- 
ment 


All  pave- 
ment 
widths 


Passenger  Cars  Traveling  in  Lane  Adjacent  to  Occupied  Shoulder 


Car. 


Truek. 


Barricade 

Average  by  type  of  ob- 
ject: 

Car 

Truck 

Barricade 

Average,  by  distance  of 
object: 

Ofeet 

3  feet 

6feet -- 

Average,  all  conditions. .. 


Feet 
0 
3 
6 
0 


M.  p.  ft. 
-2.1 
-1.3 
-.6 
-6.2 
-1.2 
-1.8 
-4.5 
-2.7 
-2.8 


-1.3 
-3.1 
-3.3 


-4.3 
-1.7 

-1.7 
-2.6 


M.  p 
-2. 
-2. 
-3. 
-2. 
-2. 
-1. 
-4. 
-4. 
-5. 


.ft. 


M 


p.  ft. 
•1.7 
1.2 
.5 
-.7 
-.3 
.  5 
1.6 
-.7 


0 

-.2 
-1.1 


-1.3 
.1 
0 
-.4 


M.  p.  A. 
-0.3 

-.1 
-3.0 
-1.5 

-.1 
-1.3 
-3.9 
-1.9 
-1.3 


-1.1 
-1.0 

-2.4 


-1.9 
-.7 
-1.9 
-1.5 


M.  p.  A. 
-1.7 
-.7 
-1.6 
-2.8 
-1.1 
-1.1 
-3.  fi 
-2.4 
-2.6 


-1.3 

-1.7 
-2.9 


-2.7 
-1.4 
-1.8 
-2.0 


Commercial  Vehicles  Traveling  in  Lane  Adjacent  to  Occupied  Shoulder 


Car. 


Truck. 


Barricade.. 

Average,  by  type  of  ob- 
ject: 

Car.... 

Truck 

Barricade 

Average,  by  distance  of 
object: 

Ofeet 

3  feet 

6  feet 

Average,  all  conditions. . . 


0 

-2.4 

3 

-.9 

6 

-.8 

0 

-4.8 

3 

-1.4 

6 

-2.8 

0 

-2.8 

3 

-.9 

6 

.8 

-1.4 

-3.0 

-1.0 

-3.3 
-1.1 
-.9 
-1.8 


-0.9 

-2.2 

4.1 

-1.6 

2.1 

0 

-4.1 

-.5 

.2 

-1.6 

-.3 

2.0 

-1.6 

1.5 

-.2 

-.7 

1.2 

.5 

-4.4 

2.6 

0 

-3.1 

-.1 

.4 

1.9 

.2 

3.1 

-2.2 

-.2 

1.4 

-1.3 

.8 

.8 

-1.9 

.9 

1.2 

-2.3 

0 

2.0 

-2.1 

1.2 

.1 

-1.0 

.3 

1.3 

-1.8 

.5 

1.1 

-0.4 
-.1 
-1.3 
-1.2 

-.4 
-.4 
-1.2 


-.7 
-.2 


-.9 
-.5 
-.1 
-.5 


'  16  feet  of  Portland  cement  concrete  with  2-foot  bituminous  shoulders. 
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Table  7. — Change  in  average  speeds  due  to  an  object  on  one  shoulder  of  a  two-lane  highway 

compared  with  normal  speeds 


Typo  of  object  on  shoulder 


Distance 
of  object 

from 

pavement 

edge 


Change  In  average  speeds  for- 


16-foot 
pavement 


20-foot 
pavement 


22-foot 
pavement 


26-foot 
pavement 


All  pave- 
ment 
widths 


Passenger  Cars  in  Lane  Adjacent  to  Clear  Shoulder  and  Meeting  Other  Vehicles 


Car-... 
Truck. 


Barricade 


Average,  by  type  of  object: 



Truck _ 

Barricade... 

Average,  by  distance  of  object: 

0  feet 

3  feet 

6  feet 

Average,  all  conditions 


Feet 

M.  p.  ft. 

M.  p.  ft. 

M.  p.  ft. 

M.  p.  ft. 

1      o 

2.1 

-0.3 

-0.2 

-1.5 

3 

-2.3 

-1.1 

0 

-4.4 

1       6 

1.4 

-2.0 

.5 

-5.9 

(       n 

1.7 

-2.7 

1.3 

-3.6 

3 

-.1 

-1.9 

-.5 

-1.6 

1        6 

.4 

-1.0 

3.2 

-4.3 

[        ° 

-.9 

-1.5 

.4 

-5.5 

I         6 

.4 

-4.3 

-4.6 

-5.7 

-1.1 

-2.0 

-2.5 

-5.3 

.4 

-1.1 

.1 

-3.9 

.7 

-1.9 

1.3 

-3.2 

-.5 

-2.6 

-2.2 

-5.5 

1.0 

-1.5 

.5 

-3.5 

-.7 

-2.4 

-1.7 

-3.9 

.2 

-1.7 

-.4 

-5.2 

.2 

-1.9 

-.3 

-4.2 

M.  p.  ft. 

0 

-2.0 

-1.5 

-.8 
-1.0 

-.4 
-1.9 
-3.6 
-2.7 

-1.2 

-.7 

-2.7 

-.9 
-2.2 
-1.5 
-1.5 


Passenger  Cars  in  Lane  Adjacent  to  Occupied  Shoulder  and  Meeting  Other  Vehicles 


Truck 

Barricade. 


Average,  by  type  of  object: 

Car _ 

Truck 

Barricade. 

Average,  by  distance  of  object: 

Ofeet 

3  feet 

6feet 

Average,  all  conditions... 


[     0 

-5.6 

-2.6 

-3.3 

-2.0 

3 

.1 

-1.5 

1.5 

0 

1         6 

.6 

-3.0 

-1.9 

-4.3 

1         ° 

-5.5 

-1.5 

-2.0 

-1.9 

3 

-1.8 

-3.5 

-1.6 

-1.4 

1         6 

-1.3 

-3.7 

-3.2 

-1.1 

1         ° 

-6.8 

-2.9 

-2.0 

-5.1 

3 

-2.5 

-3.2 

-2.5 

-1.4 

1         6 

-.1 

-3.0 

-2.0 

-1.8 

-1.6 

-2.4 

-1.2 

-2.1 

-2.9 

-2.9 

-2.3 

-1.5 

-3.1 

-3.0 

-2.2 

-2.8 

-6.0 

-2.3 

-2.4 

-3.0 

-1.4 

-2.7 

-.9 

-.9 

-.3 

-3.2 

-2.4 

-2.4 

-2.5 

-2.8 

-1.7 

-2.1 

-3.4 
0 

-2.2 
-2.7 
-2.1 
-2.3 
-4.2 
-2.4 
-1.7 

-1.9 
-2.4 
-2.8 

-3.4 

-1.5 
-2.1 
-2.3 


16  feet  of  Portland  cement  concrete  with  2-foot  bituminous  shoulders. 


not  consistently  greater  when  the  object  on 
the  shoulder  was  placed  at  the  edge  of  the 
pavement  than  when  located  3  or  6  feet  from 
the  edge,  although  there  was  some  tendency 
in  this  direction. 

The  results  are  not  surprising  because  a 
number  of  other  studies  have  shown  that 
speeds  arc  not  reduced  as  much  as  one  would 
expect  by  unusual  conditions.  A  study  of 
speeds  at  short,  narrow,  two-lane  bridges,2 
for  example,  showed  that  drivers  did  not 
reduce  their  speeds  appreciably  as  they  ap- 
proached the  bridges  although  the  drivers  did 
make  a  considerable  change  in  the  lateral 
position  of  their  vehicles — shying  away  from 
the  bridge  railings  or  parapet  walls.  The 
changes  in  speed  caused  by  placing  the  three 
types  of  objects  on  the  shoulder  at  various 
distances  from  the  pavement  edge  are  shown 
in  tables  5-8.  The  following  statements  are 
based  on  a  study  of  the  data  shown  by  these 
tables: 

1.  There  is  only  a  slight  tendency  for  pas- 
senger car  drivers  to  reduce  their  speeds  when 
traveling  in  the  lane  adjacent  to  the  unoccu- 
pied shoulder.  On  an  average,  the  reduction 
in  speed  was  less  than  1  mile  per  hour.  The 
surface  width,  type  of  object,  or  its  location 
on  the  other  shoulder  made  little  difference. 

2.  The  average  passenger  car  driver  travel- 
ing   in    the    lane   adjacent   to   the   occupied 

2  Influence  of  bridge  widths  on  transverse  positions  of  vehicles, 
by  W.  P.  Walker,  proceedings  of  the  Highway  Research 
Board,  1911,  vol.  21,  p.  301. 
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shoulder  reduced  his  speed  an  average  of  3 
miles  per  hour  on  two-lane  pavements  16  and 
20  feet  wide,  and  an  average  of  1  mile  per  hour 
on  pavements  22  and  26  feet  wide.  There 
was  a  somewhat  greater  tendency  under 
these  conditions  for  the  drivers  to  reduce  their 
speeds  with  a  barricade  on  the  shoulder  than 
with  a  truck  or  passenger  car  parked  on  the 
shoulder.     The  distance  of  the  object  from 


the  pavement  edge,  however,  made  no  con- 
sistent difference. 

3.  Truck  drivers,  regardless  of  the  lane  in 
which  they  were  traveling,  were  influenced  by 
the  shoulder  condition  even  less  than  passenger 
car  drivers. 

4.  The  average  passenger  car  driver,  meet- 
ing another  vehicle  traveling  in  the  opposite 
direction  at  the  same  place  on  the  highway 
as  the  object  was  located  on  the  shoulder, 
reduced  his  speed  2.3  miles  per  hour  if  in  the 
lane  adjacent  to  the  occupied  shoulder,  and  1.5 
miles  per  hour  if  in  the  other  lane.  Under 
these  conditions  the  type  of  object,  its  location 
on  the  shoulder,  and  the  pavement  width 
made  little  difference. 

5.  On  the  four-lane  highway  there  was  no 
consistent  tendency  for  drivers  in  either  lane 
under  any  of  the  study  conditions  to  change 
their  speeds  with  respect  to  those  under  normal 
conditions. 

Effect  on  Lateral  Position 

Numerous  studies  have  shown  that  the 
effect  on  driver  behavior  when  any  geometric 
feature  of  the  cross  section  of  a  highway  is 
changed  will  generally  be  reflected  in  a  change 
in  the  lateral  position  of  the  vehicles.  For 
this  purpose,  lateral  positions  have  usually 
been  a  more  definite  criterion  than  vehicle 
speeds  or  any  other  characteristic  of  driver 
behavior  that  can  be  measured. 

Two-lane  highways 

Neither  the  parked  car,  truck,  nor  barricade 
had  any  effect  on  the  lateral  position  of 
vehicles  traveling  in  a  traffic  lane  not  adjacent 
to  the  shoulder  on  which  these  objects  were 
located.  The  differences  between  the  lateral 
positions  of  the  vehicles  in  this  lane  under 
normal  conditions  and  when  the  objects  were 
located  on  the  shoulder  are  shown  in  table  9. 
In  nearly  all  cases  the  values  in  this  table, 
representing  the  change  in  lateral  positions, 
are  0.3  of  a  foot  or  less,  the  precision  to  which 
the  lateral  positions  were  measured.  There 
is  no  consistent  tendency  for  the  change  in 


Table  8. — Change  in  average  speeds  due  to  an  object  on  the  shoulder  of  a  four-lane  divided 
highway  compared  with  normal  speeds  1 


Position  of  object  on  shoulder 

Change  in  average  speeds  in- 

Left  lane 

Right  lane 

Passenger 
cars 

Commercial 
vehicles 

Passenger 
cars 

Commercial 
vehicles 

Car  at  pavement  edge. 

M.  p.  ft. 
0.1 
.4 

.7 

-.5 
-.6 
-3.5 

-.9 
-1.0 
-2.0 

.4 
-1.5 
-1.3 

-.4 

-.4 

-1.6 

-.8 

M.  p.  ft. 
1.9 
-.9 
1.3 

1.5 

.7 

-2.7 

-1.1 
-1.1 
-3.4 

.8 
-.2 
-1.9 

.8 
-.4 
-1.6 

-.4 

M.  p.  ft. 
-0.7 
-1.1 
-1.1 

-.4 

3.0 

.6 

0 
1.6 

.4 

-1.0 
1.1 

.7 

-.4 
1.2 
0 

.2 

M.  p.  ft. 
0 

-.4 
-1.3 

-1.3 
3.0 
1.0 

-.8 
.5 
1.2 

-.6 
.9 
.3 

i!o 

.3 
.2 

Car  3  feet  from  pavement  edge. . 

Car  6  feet  from  pavement  edge.. 

Truck  at  pavement  edge 

Truck  3  feet  from  pavement  edge 

Truck  6  feet  from  pavement  edge 

Barricade  at  pavement  edge. 

Barricade  3  feet  from  pavement  edge 

Barricade  6  feet  from  pavement  edge 

Average,  by  type  of  object: 
Car... 

Truck 

Barricade 

Average,  by  distance  of  object: 
Ofeet 

3  feet 

6  feet 

Average,  all  conditions 

'  Traffic  volume  less  than  2,000  vehicles  per  hour  in  the  two  lanes. 
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ALL  TRUCKS  AND  BUSES 

C  PASSING  VEHICLES    EXCLUDED) 


OBJECT    3    FEET   FROM    FOf.r  f,f  M„r„r.IT 
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OBJECT     6    FEET    FROM    EDGE  OF   PAVEMENT 


FREE   MOVING  TRUCKS  AND  BUSES 


TRUCKS  AND  BUSES  MEETING  PASSENGER  CARS 


8  9  10  II 

LANE    WIDTH     -     FEET 

Figure  2. — Effect  of  objects  on  the  lateral  position  of  trucks  and  buses 
traveling  in  lane  adjacent  to  occupied  shoulder. 


josition  to  be  larger  or  smaller  for  the  nar- 
rower surfaces  than  for  the  wider  surfaces  or 
or  one  type  or  location  of  object  than  for 
mother  type  or  location  of  object. 

The  objects  on  the  shoulder  did,  however, 
lave  a  very  definite  effect  on  the  lateral  posi- 
,ions  of  vehicles  traveling  in  the  lane  adjacent 
;o  the  shoulder  on  which  the  objects  were 
jlaced,  as  shown  in  table  10.  This  table  also 
ihows  that  the  changes  in  the  lateral  positions 
>ecause  of  an  object  on  the  shoulder  were 
;reater  for  the  narrow  surfaces  than  for  the 
vider  ones,  and  that  they  were  greater  when 
he  objects  on  the  shoulder  were  closer  to  the 
mvement  edge. 

The  type  of  object,  however,  had  no  con- 
sistent effect  on  the  results.  An  analysis  of  the 
clearances  between  vehicles  when  meeting  on 
<he  two-lane  highways  also  showed  that  there 
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was  relatively  little  difference  between  the 
results  obtained  with  either  the  car,  truck,  or 
barricade  on  the  shoulder.  For  this  reason, 
the  figures  for  two-lane  roads  showing  the 
effect  that  an  object  parked  on  a  shoulder  has 
on  the  lateral  position  of  a  vehicle  traveling 
in  the  adjacent  lane  are  applicable  whether 
the  parked  object  is  a  car,  truck,  or  barricade. 
The  change  in  the  lateral  position  of  pas- 
senger cars  caused  by  a  vehicle  or  barricade 
being  parked  on  the  shoulder  adjacent  to  the 
traffic  lane  in  which  the  passenger  car  was 
traveling  is  shown  in  figure  1.  Similar  infor- 
mation is  shown  for  commercial  vehicles  in 
figure  2.  The  change  in  the  lateral  positions 
in  these  and  all  subsequent  figures  is  shown 
in  terms  of  the  movement  to  the  left  of  the 
position  that  the  vehicle  occupied  under  nor- 
mal   conditions.     In    other    words,    it   is   the 


distance  that  the  average  vehicle,  of  a  certain 
group  of  vehicles,  shifted  its  position  toward 
the  centerline  of  the  highway  and  away  from 
the  occupied  shoulder. 

The  drivers  of  free-moving  passenger  cars 
or  drivers  not  influenced  by  the  presence  of 
other  traffic  on  the  highway  made  the  greatest 
shift  toward  the  centerline  and  away  from 
their  normal  position  because  of  objects  placed 
on  the  right  shoulder.  On  the  other  hand, 
drivers  of  passenger  cars  meeting  a  truck  or 
bus  at  a  point  adjacent  to  the  vehicle  or  barri- 
cade placed  on  the  shoulder  made  the  smallest 
change  from  their  normal  paths.  Under  this 
latter  condition,  however,  the  movement  to 
the  left  was  1  foot  when  the  object  was  placed 
at  the  edge  of  a  13-foot  lane  and  2.5  feet  when 
the  object  was  at  the  edge  of  an  8-foot  lane. 
The  only  drivers  not  changing  their  lateral 
positions  were  those  who  met  commercial  ve- 
hicles when  the  objects  on  the  shoulder  were  6 
feet  from  the  pavement  edge. 

The  objects  on  the  shoulders  generally 
caused  trucks  to  veer  farther  than  passenger 
cars  from  their  normal  paths  (figs.  1-2) .  There 
were  some  exceptions,  however,  such  as  the 
effect  on  free-moving  vehicles  when  the  ob- 
jects were  either  3  or  6  feet  from  the  pave- 
ment. Under  these  conditions,  the  passenger 
cars  veered  away  from  the  objects  more  than 
trucks. 

Clearance  Between  Vehicles 

Two-lane  roads  carrying  two-directional 
traffic  should  be  of  sufficient  width  to  provide 
adequate  clearance  between  the  bodies  of 
meeting  vehicles.  The  results  of  previous 
studies  have  shown  that  3  feet  is  the  minimum 
desirable  lateral  clearance  for  this  condition 
and  that  clearances  of  less  than  3  feet  occur  in- 
frequently on  two-lane  roads  with  12-foot 
traffic  lanes  and  adequate  shoulders.  This 
study  shows,  however,  that  when  an  object 
such  as  a  car,  truck,  or  barricade  was  placed 
on  one  shoulder  at  the  edge  of  a  two-lane  road 
with  a  24-foot  surface,  30  percent  of  the  pas- 
senger cars  had  a  clearance  of  3  feet  or  less 
when  meeting  other  passenger  cars  (fig.  3). 
On  surfaces  with  11-foot  traffic  lanes  the  cor- 
responding figure  was  46  percent.  Surfaces 
with  8-foot  traffic  lanes  are  obviously  too  nar- 
row for  modern  vehicles  and  speeds,  since  50 
percent  of  the  meetings  of  passenger  cars  took 
place  with  clearances  of  3  feet  or  less  although 
the  average  clearance  exceeded  3  feet  under 
normal  conditions  when  the  shoulders  were 
clear.  Placing  a  car,  truck,  or  barricade  on 
one  of  the  shoulders  increased  the  percentage 
from  56  to  94  and  decreased  the  average  clear- 
ance between  vehicles  from  3.2  to  1.3  feet 
(fig- 3). 

Figure  4,  which  is  similar  to  figure  3,  shows 
clearances  between  bodies  of  passenger  cars 
and  trucks  as  they  met.  In  figure  4  the  aver- 
age clearances  are  less  and  the  percentage  of 
vehicles  with  clearances  of  3  feet  or  less  are 
greater  than  in  figure  3.  This  is  to  be  expected 
because  trucks  are  wider  than  passenger  cars. 

Crossing  of  Centerline 

The  average  position  of  both  passenger  cars 
and  trucks  under  normal  conditions  is  to  the 
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Figure  3. — Clearances  between  bodies  of  passenger  cars  when 

meeting. 


Table  9. — Change  in  lateral  position  of  vehicles  due  to  an  object 
on  one  shoulder  of  a  two-lane  highway  compared  with  normal 
conditions 


Type  of  object  on  shoulder 


Distance 
of  object 
from  pave- 
ment edge 


Change  in  lateral  position  for- 


16-foot 

pave- 
ment 


'Jd-font 

pave- 
ment 


22-foot 
pave- 
ment 


26-foot 
pave- 
ment 


Passenger  Cars  Traveling  in  Lane  Adjacent  to  Clear  Shoulder 


Car.... 
Truck. 


Barricade. 


Average,  by  distance  of  object: 

Ofeet.. _. 

3  feet 

Ofeet _. 


Feet 
0 
3 
6 
0 
3 
6 
0 
3 
6 


Feet 

Feel 

Feet 

0.1 

-0.3 

-0.1 

.1 

-.5 

-.1 

.1 

-.6 

-.1 

.2 

-.2 

.4 

.  1 

-.3 

.1 

.2 

-.3 

.1 

.1 

-.2 

.2 

-.2 

-.3 

.1 

-.1 

-.4 

.1 

.1 

-.2 

-.2 

0 

-.4 

0 

.1 

-.4 

0 

Feet 

-0.2 

0 

0 

.1 
-.1 
0 
.3 
.3 
.2 

-.1 
.1 
.1 


Commercial  Vehicles  Traveling  in  Lane  Adjacent  to  Clear  Shoulder 


Car 


Truck. 


Barricade... 

Average,  by  distance  of  object: 

Ofeet 

3  feet 

Ofeet 


0.6 

0.2 

-0.3 

.3 

-.1 

-.2 

.4 

-.2 

-.3 

.4 

0 

.2 

.1 

-.1 

-.1 

.1 

-.2 

0 

.4 

-.1 

.1 

0 

-.4 

-.2 

-.1 

-.2 

-.1 

.5 

0 

0 

.1 

-.2 

-.2 

.1 

-.2 

-.  1 

-0.1 

-.2 

-.1 

.3 

0 

.1 

.4 

0 

.1 

.3 
-.  1 
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Figure  4. — Clearances  between  bodies  when  passenger  cars  me< 
trucks  or  buses. 


Table  10. — Change  in  lateral  position  of  vehicles  due  to  an  objec 
on  one  shoulder  of  a  two-lane  highway  compared  with  norm; 
conditions 


Type  of  object  on  shoulder 


Distance 
of  object 
from  pave- 
ment edge 


Change  in  lateral  position  for- 


16-foot 
pave- 
ment 


20-foot 
pave- 
ment 


22-foot 
pave- 
ment 


26-foot 
pave- 
ment 


Passenger  Cars  Traveling  in  Lane  Adjacent  to  Occupied  Shoulder 


Car. 


Truck. 


Barricade. 


Average,  by  distance  of  object: 

Ofeet... 

3  feet. 

6feet -. 


Feet 
0 
3 
6 
0 
3 
6 
0 
3 
0 


Feet 

Feet 

Feet 

3.0 

2.1 

2.6 

1.3 

.4 

1.0 

.6 

.3 

.5 

3.7 

2.6 

2.8 

1.3 

1.1 

1.5 

.6 

.1 

.7 

3.4 

2.1 

2.0 

.9 

.4 

.9 

.1 

.2 

.2 

3.4 

2.3 

2.5 

1.2 

.6 

1.1 

.4 

.2 

.5 

Feel 

1.0 
.5 
.3 

1.7 
.8 
.5 

1.0 
.6 

0 

1.4 
.6 
.3 


Commercial  Vehicles  Traveling  in  Lane  Adjacent  to  Occupied  Shoulder 


Car... 
Truck. 


Barricade. 


Average,  by  distance  of  object: 

Ofeet. 

3  feet 

6feet 


3.4 

.8 

.4 

3.9 

1.4 

.6 

3.8 

1.1 

.5 

3.7 
1.1 
.5 


2.4 
.7 
.3 

3.0 

1.2 
.1 

2.2 
.5 
.3 

2.5 
.8 
.2 


2.6 
1.0 
.5 
3.0 
1.6 

2.  3 


2.6 
1.2 
.6 


1.2 

.7 
.3 
1.9 


1.8 
.8 
.4 

1.6 

.8 
.5 
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Table  11. — Change  in  lateral  position  of  vehicles  due  to  an  object 
on  one  shoulder  of  a  four-lane  highway  compared  with  normal 
conditions 


Table  12. — Change  in  lateral  position  of  vehicles  due  to  an  object 
on  one  shoulder  of  a  four-lane  highway  compared  with  normal 
conditions 


Type  of  object  on 
shoulder 


Distance 
of  object 
from 
pave- 
ment 
edge 


Change  in  lateral  position  for  traffic  volumes  of— 


1,000 
v.p.h. 


1,500 
v.p.h. 


2,000 
v.  p.h. 


2,500 
v.  p.  h. 


3,000 
v.  p.  h, 


3,500 
v.  p.  h. 


All 
vol- 
umes 


Passenger  Cars  Traveling  in  Left  Lane 


Car.... 
Truck- 


Barricade - 


Average,     by     dis- 
tance of  object: 

Ofeet... 

3  feet.. 

6  feet. 


Feet 
0 
3 
6 
0 
3 
6 
0 
3 
6 


Feet 

0.1 

0 
.2 
.1 
.1 
-.  1 
.2 
-.  1 

0 


Feet 

0.1 

0 
.1 
.1 
.1 
-.1 
.1 
-.1 

0 


Feet 
0. 


Feet 
0. 


Feet 

0 
-0.1 

0 

0 
.1 
-.2 
-.1 
-.1 
-.1 


Feet 

0 
-0.2 

0 

0 

.1 
-.2 
-.2 
_.  2 
-.1 


-.1 
-.  1 
-.  1 


Feet 

0.1 

-.  1 

.  1 

.1 

.1 

-.  1 

0 

-.1 
-.1 


Commercial  Vehicles  Traveling  in  Left  Lane  > 


Car. 


Truck_ 


Barricade. 


Average,     by     dis- 
tance of  object: 

Ofeet.. 

3  feet- 

6feet. 


1  i 

-0.2 

0.4 

0 

.5 

.3 

.4 

1  I 

.2 

-.1 

.1 

.4 

.2 

.3 

1  I 

-.8 

0 

.2 

0 

... 

.3 

.5 

... 

... 

-.2 

.1 

.1 

.3 

— 

... 

.2 

.4 

... 

... 

... 

0.1 
.2 
.3 
.1 
.2 
.2 

-.4 
.1 
.4 


Distance 

Change  in  lateral  position  for  traffic  volumes  of— 

Type  of  object  on 

of  object 
from 

shoulder 

pave- 

1,000 

1,500 

2,000 

2,500 

3,000 

3,500 

All 
vol- 

edge 

v.  p.h. 

v.  p.  h. 

v.  p.  h. 

v.  p.h. 

v.  p  ll. 

v.  p.h. 

Passenger  Cars  Traveling  in  Right  Lane 

Feet 

Feet 

Feet 

Feet 

Feet 

Feet 

Feet 

Feet 

1        ° 

0.9 

0.9 

0.9 

0.9 

0.9 

0.8 

0.9 

Car _. 

3 

.4 

.4 

.4 

.4 

.4 

.3 

.4 

(       0 

.2 

.2 

.2 

.2 

.2 

.1 

.2 

0 

1.1 

1.1 

1.0 

1.0 

.9 

.9 

1.0 

Truck 

3 

.  7 

.6 

.4 

.3 

.2 

.1 

.4 

I        6 

0 

0 

.1 

.1 

.1 

.2 

.1 

1        ° 

.4 

.4 

.5 

.5 

.5 

.5 

.5 

Barricade 

\        3 

.2 

.2 

.2 

.2 

.2 

.2 

2 

1        6 

-.1 

-.1 

0 

0 

0 

0 

0 

Average,     by     dis- 

tance of  object: 

Ofeet 

.8 

.8 

.8 

.8 

.8 

.7 

.8 

3feet 

.4 

.4 

.3 

.3 

.3 

.2 

.3 

Ofeet    ._ 

0 

0 

.1 

.1 

.1 

.1 

.1 

COMMB 

rcial  Vehicles 

Traveling  in 

Right 

Lane 

1        ° 

1.0 

1.0 

0.9 

0.9 

0.8 

0.8 

0.9 

Car... 

3 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

I        6 

.2 

.  1 

0 

0 

-.1 

-.2 

0 

1        ° 

1.1 

1.1 

1.0 

.9 

.8 

.7 

.9 

Truck 

i        3 

.6 

.5 

.3 

.2 

.1 

0 

3 

1         6 

0 

0 

.1 

.1 

.2 

.2 

.1 

o 

3 

.4 

.4 

.4 

.4 

.4 

.4 

.4 

Barricade 

0 

0 

0 

-.1 

-.1 

-.1 

-.1 

L        6 

-.1 

-.1 

-.  1 

-.1 

-.1 

-.1 

-.1 

Average,     by     dis- 

tance of  object: 

Ofeet. - 

.8 

.8 

.4 

.7 

.7 

.6 

.7 

3  feet 

.2 

.2 

.1 

.1 

0 

0 

.1 

6  feet 



0 

0 

0 

0 

0 

0 

0 

i  Traffic  volumes  are  grouped  into  two  classes:  below  2,000  v.  p.  h.  and  2,000  v.  p.  h.  and 
over. 


right  of  the  centerline  of  a  two-lane  two-direc- 

f  tional  pavement  even  though  it  is  only  16  feet 
wide.  Figures  5-10  show  that  when  a  car, 
truck,  or  barricade  was  placed  on  one  shoulder 
next  to  the  edge  of  a  16-  or  20-foot  pavement, 
vehicles  which  normally  traveled  entirely  in 
the  lane  adjacent  to  the  occupied  shoulder, 
encroached  on  the   lane   used   by   oncoming 

i  traffic.  This  was  the  case  even  in  the  face 
of  oncoming  traffic  on  a  16-foot  surface  with 
the  result  that  oncoming  traffic  was  forced  to 
use  the  other  shoulder  (fig.  6). 

When  the  objects  were  6  feet  from  the  edge 
of  the  pavement,  regardless  of  the  pavement 
width,  thsy  caused  little  change  in  the  lateral 
positions  of  the  vehicles  as  shown  in  figures 
5-10.  As  an  object  on  the  shoulder  was 
brought  closer  than  6  feet,  there  was  an  in- 

;  creasing  effect  on  the  lateral  positions.  This 
is  true  for  all  pavement  widths  but  applies  to 
a  greater  degree  on  the  narrow  two-lane  pave- 

I  ments.  (Figures  presenting  information  on 
the  26-foot  pavement  were  excluded  from  this 
article,  because  changes  in  lateral  positions 
resulting  from  placement  of  objects  on  the 
shoulder  were  not  too  significant.)  The  effect 
on  lateral  positions  is  further  illustrated  by 
the  chart  at  the  right  in  figure  11  which 
combines  the  information  in  figures  1  and  2 
in  a  somewhat  different  form  to  represent 
average  traffic  conditions  during  the  study 
periods  on  the  two-lane  roads.  Average  traf- 
fic consisted  of  10  percent  commercial  vehicles 
during  volumes  of  200  to  400  vehicles  per  hour. 
The  chart  at  the  right  in  figure  11  shows 
the  change  in  lateral  positions  which  the  ob- 
jects caused.  When  an  object  was  6  or  more 
feet  from  the  pavement  edge,  the  distance 
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between  a  vehicle  in  the  traffic  stream  and 
the  pavement  edge  was  increased  by  0.4  foot 
when  the  traffic  lanes  were  8  feet  wide  and 
about  0.25  foot  when  the  lanes  were  13  feet 
wide.  These  measurements  correspond  to 
only  5  and  2  percent,  respectively,  of  the  lane 
widths,  as  shown  by  the  chart  at  the  left  in 
figure  11.  From  these  figures  and  from  the 
shape  of  the  curves  in  figure  11,  it  can  be 
concluded  that,  for  all  practical  purposes, 
objects  6  or  more  feet  from  the  edge  of  the 
pavement  of  a  two-lane  road  of  any  width 
have  an  insignificant  effect  on  driver  behavior. 
The  effect  of  an  object  at  the  edge  of  a  two- 
lane  surface  of  any  width  is  very  significant 
and  especially  so  for  the  narrower  surfaces. 
Regardless  of  the  surface  width,  however,  an 
object  2  feet  from  the  edge  has  only  half  the 
effect  of  an  object  at  the  edge  of  the  surface. 

Effect  on  Lateral  Positions 
Four-lane  highways 

The  traffic  volumes  on  the  four-lane  facility 
included  in  this  study  varied  from  1,000  to 
over  3,400  vehicles  per  hour  in  one  direction 
of  travel.  It  is  interesting  to  see  how  the 
normal  pattern  of  vehicle  placement  on  this 
highway  varied  with  traffic  volumes.  This 
is  shown  in  figures  12  and  13.  As  the  volume 
increased,  figure  12  shows  that  passenger  cars 
in  the  right  lane,  on  an  average,  traveled  closer 
to  the  shoulder  and  those  in  the  left  lane  trav- 
eled closer  to  the  median.  Furthermore,  the 
average  lateral  position  and  hourly  volume  are 
linearly  related.  Similar  results  were  obtained 
for  commercial  vehicles  (fig.  13). 

In  order  to  eliminate  the  effect  of  volume 
and  to  obtain  only  the  effect  of  objects  on  the 


shoulder  on  vehicle  placement,  comparisons  of 
placement  values  were  made  at  the  same  hourly 
volume.  For  this  purpose  it  was  necessary 
to  determine  graphically  the  average  place- 
ments against  the  recorded  volumes.  The 
desired  data  were  thus  obtained  for  each  500- 
vehicle-per-hour  increment  within  the  range 
of  observed  volumes. 
Vehicles  in  left  lane 

Table  11  shows  the  effect  that  the  objects 
placed  on  the  shoulder  had  on  the  lateral 
position  of  vehicles  traveling  in  the  left  lane. 
The  figures  in  the  table  are  the  differences 
between  the  lateral  positions  during  normal 
conditions  and  when  an  object  was  on  the 
shoulder.  It  can  readily  be  seen  that  neither 
the  type  of  object  nor  the  distance  that  the 
object  was  from  the  pavement  had  any  signifi- 
cant effect  on  lateral  positions  of  passenger 
cars  traveling  in  the  left  lane.  Very  few 
commercial  vehicles  traveled  in  the  left  lane. 
A  detailed  analysis  of  the  effect  of  objects  on 
these  vehicles,  therefore,  could  not  be  made. 
The  limited  data,  however,  do  indicate  that 
trucks  in  the  left  lane  of  a  four-lane  highway 
were  also  unaffected  by  objects  on  the  shoulder. 

Vehicles  in  right  lane 

Objects  on  the  shoulder  do  affect  the  lateral 
positions  of  vehicles  traveling  in  the  right  lane 
of  a  four-lane  divided  highway.  Tin-  differ- 
ences between  the  lateral  positions  of  vehicles 
during  normal  conditions  and  when  an  object 
was  on  the  shoulder  are  shown  in  table  12. 
A  truck  parked  at  the  edge  of  the  pavement  or 
3  feet  away  had  a  slightly  greater  effect  on 
traffic  than  a  parked  car  when  the  total 
hourly  volume  was  1,500  or  less.     Generally, 
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FREE    MOVING    PASSENGER  CARS 

NO    OBJECT     ALONG    THIS    SHOULDER 


FREE    MOVING    TRUCKS 

NO    OBJECT     ALONG   THIS    SHOULDER 


LANE     FARTHEST    FROM    OBJECT 


LANE    NEAREST   O 


e       NORMAL      ir\\J 
POSITION    \u/ 

DISTANCE     OF    OBJECT     FROM     PAVEMENT      EDGE     -     FEET 


6        NORMAL 
POSITI 


ON  <0> 


CAR 


LEGEND-  TYPE  OF  OBJECT 
TRUCK         


BARRICADE 


Figure  5. — Average  position  of  free-moving  vehicles  traveling  on  a  16-foot  concrete  pavement  with  various  objects  on  the  shoulder. 
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Figure  6. — Average  position  of  vehicles  meeting  other  vehicles  on  a  16-foot  concrete  pavement  ivith  various  objects  on  the  shoulder. 
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Figure  7. — Average  position  of  free-moving  vehicles  traveling  on  a  20-foot  concrete  pavement  with  various  objects 

on  the  shoulder. 


PASSENGER  CARS   MEETING   OTHER 
PASSENGER   CARS 

NO    OBJECT    ALONG   THIS    SHOULDER 


10 


a. 

u 

Z 
UJ 

U 


>  Ld 

ST       " 
<     I 

_l 

a.  2    o 

UJ 

>  u. 

U.  O     4 

o 

Z 

g        6 
H 

V) 

2     8 


10 


PASSENGER   CARS   MEETING 
TRUCKS 

NO    OBJECT    ALONG    THIS    SHOULDER 
EDGE    OF    PAVEMENT-* 


LANE    FARTHEST  FROM    OBJECT 


™ .  .      CENTER   QF   PAVEMENT^ 


PASS.  CARS 


LANE    NEAREST    OBJECT 


RIGHT    WHEELS 

**m&-         — SJ 


EDGE    OF    PAVEMENT^, 


6       NORMAL       /oV7 
POSITION     <"' 


6       NORMAL     ...     7 
POSITION  \°>-' 


DISTANCE     OF    OBJECT      FROM     PAVEMENT      EDGE    -     FEET 


CAR 


LEGEND- TYPE     OF     OBJECT 
TRUCK  — 


BARRICADE 


Figure  8.— Average  position  of  vehicles  meeting  other  vehicles  on  a  20-foot  concrete  pavement  with  various  objects 

on  the  shoulder. 
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Figure  9. — Average  position  of  free-moving  vehicles  traveling  on  a  22-foot  concrete  pavement  with 

various  objects  on  the  shoulder. 
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Figure  10.— Average  position  of  vehicles  meeting  other  vehicles  on  a  22-foot  concrete  pavement  with 

various  objects  on  the  shoulder. 
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however,  the  effect  of  the  truck  was  about 
the  same  as  that  of  the  car.  A  barricade 
placed  on  the  shoulder  had  considerably  less 
effect  both  on  passenger  cars  and  commercial 
vehicles  than  a  parked  car  or  truck  under  all 
traffic  volume  conditions. 

When  the  total  hourly  volume  in  both  traffic 
lanes  was  1,000  vehicles  per  hour,  passenger 
cars  in  the  right  lane  traveled  about  a  foot 


farther  from  the  edge  of  the  pavement  when  a 
truck  or  a  car  was  parked  at  the  pavement 
edge  than  when  no  object  was  on  the  shoulder. 
As  the  traffic  volume  increased,  the  effect  of 
the  parked  truck  or  car,  on  lateral  positions 
of  vehicles  decreased  slightly. 

A  barricade  at  the  edge  of  the  surface  had 
only  about  half  the  effect  of  a  parked  truck 
or  car  in  causing  passenger  cars  in  the  right 


lane  to  veer  away  from  the  shoulder.  Objects 
on  the  shoulder  3  feet  from  the  pavement 
edge  had  only  half  the  effect  as  the  same  ob- 
jects placed  at  the  pavement  edge.  Any  of 
the  three  objects  placed  6  feet  from  the  pave- 
ment edge  had  almost  a  negligible  effect  on 
passenger  cars  traveling  in  the  right  lane."j£^ 
During  low  traffic  volumes,  commercial 
(Continued  on  page  176) 
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Aerodynamic  Characteristics 
of  a  Suspension  Bridge 


Analysis  Based  on  Tests  of  a  Section  Model 


Reported  by  GEORGE  S.  VINCENT 
Highway  Bridge  Engineer 

This  report  is  presented  as  typical  of  tlie 
essential  procedures  currently  recommend- 
ed in  the  study  of  aerodynamic  character- 
is  tics  of  a  proposed  suspension  bridge 
design.  The  investigation  included  cal- 
culations of  natural  frequencies  and  wave 
forms,  section  model  tests  to  determine  the 
aerodynamic  behavior  of  the  section,  and 
analysis  of  the  model  test  data  to  determine 
probable  behavior  of  the  bridge  itself  in  a 
uniform  steady  wind. 

THE  SUSPENSION  bridge  over  the  Mis- 
souri River  at  the  Paseo,  Kansas  City, 
Mo.,  was  designed  by  Howard,  Needles,  Tam- 
men,  and  Bergendoff,  consulting  engineers. 
Since  it  was  proposed  to  use  Federal-aid  high- 
way funds  to  help  finance  the  construction,  a 
conference,  attended  by  representatives  of  the 
State  Highway  Department  and  the  Bureau 
of  Public  Roads,  was  held  to  consider  design 
features.  Some  thought  was  given  to  the  mat- 
ter of  aerodynamic  stability.  It  was  consid- 
ered improbable  that  this  heavy,  self-anchored 
bridge  would  be  much  affected  by  the  wind, 
particularly  in  view  of  its  close  resemblance 
to  the  Cologne  Bridge  over  the  Rhine  River 
in  Germany  (built  in  1929;  blown  up  in  1945). 
However,  advantage  was  taken  of  the  avail- 
ability of  a  section  model  which  could  be 
readily  modified  at  small  cost  to  represent  this 
bridge,  and  the  investigation  here  reported 
was  made.  Although  somewhat  curtailed,  it 
involves  most  of  the  essential  procedures  cur- 
rently recommended  for  this  type  of  investi- 
gation as  developed  in  the  cooperative  research 
conducted  by  the  Washington  Toll  Bridge 
Authority,  the  University  of  Washington,  and 
the  Bureau  of  Public  Roads. 

Scope  and  Conclusions  of  Study 

The  investigation  consisted  of  three  parts: 
Calculations  to  determine  the  natural  fre- 
quencies and  wave  forms  of  the  vertical  and 
torsional  oscillations  in  the  first  symmetric 
and  first  asymmetric  modes;  section  model 
tests  to  determine  the  aerodynamic  behavior 
of  the  section;  and  analysis  of  section  model 
data  to  determine  the  probable  behavior  of 
the  bridge  itself  in  a  uniform  steady  wind. 
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As  a  result  of  these  studies,  the  following 
conclusions  were  reached: 

1.  The  lowest  natural  frequencies  of  the 
bridge  occur  in  the  first  symmetric  mode 
and  are: 

Vertical  mode 21.8  cycles  per 

minute. 

Torsional  mode 37.5  cycles  per 

minute. 

2.  Tendencies  to  restricted  torsional  and 
vertical  oscillations  shown  by  the  section 
model  at  low  wind  velocities  are  so  weak 
that,  considering  the  probable  nonuniform^' 
of  the  wind,  they  will  likely  be  completely 
inhibited  by  the  structural  damping  of  the 
bridge. 

Catastrophic  torsional  oscillation  is  indi- 
cated in  a  uniform  and  steady  horizontal  wind 
beginning  at  a  critical  velocity  of  about  63 
miles  per  hour  and  reaching  double  amplitudes 
of  about  6°  at  85  to  95  miles  per  hour,  de- 
pending upon  the  structural  damping  to  be 
expected.  If  the  steady  uniform  wind  angles 
upward  as  much  as  6°  the  oscillation  would 
be  expected  to  occur  at  velocities  about  5 
miles  per  hour  lower. 

3.  Closing  the  sidewalk  gratings  (but  not 
the  slot  under  the  steel  angle  curb)  should 
increase  the  critical  velocity  in  a  horizontal 
wind  nearly  15  miles  per  hour;  similarly 
closing  both  the  sidewalk  and  median  gratings 
should  raise  it  nearly  20  miles  per  hour. 

4.  Considering  the  probable  nonuniformity 
and  unsteadiness  of  the  wind  at  the  site,  it  is 
expected  that  only  small  motions  of  the  bridge 
are  likely  to  occur. 

Description  of  Bridge 

The  structure  is  a  self-anchored  suspension 
bridge  having  main  and  side  spans  of  616 
and  308  feet,  respectively,  two  26-foot  road- 
ways, two  3-foot  open-grating  sidewalks,  and 
a  4-foot  open-grating  median  strip  9  inches 
high.  The  stiffening  girders,  which  also 
resist  the  horizontal  pull  of  the  cables,  are 
continuous  from  anchorage  to  anchorage 
and  consist  of  steel  box  girders  10  feet  deep 
and  S}i  feet  wide.  They  are  fixed  to  the 
steel  tower  at  one  main  pier  and  are  free  to 
move     longitudinally     at     the     three     other 


i 

19 


supports.  The  cables  are  of  preformed  strands 
each  cable  having  a  net  area  of  72  square  inche 
and  a  main  span  sag  of  70  feet.  Cables  ant 
girders  are  65.5  feet  center  to  center.  Th 
7-inch  concrete  floor  slab  is  carried  on  21-inc 
I-beam  stringers  resting  on  6-foot  plate 
girder  floor  beams  at  25-foot,  8-inch  centers 
K-type  lateral  bracing  is  used  in  the  plane 
of  both  flanges  of  the  floor  beams. 

Computed  Natural  Modes 

Table  1  indicates  the  frequencies  of  the  firs 
symmetric  and  asymmetric  vertical  and  tor 
sional  modes  of  oscillation  as  computed  undei; 
the  different  assumptions  indicated.1 

Due  to  the  relatively  large  ratio  of  side-spai 
length  to  main-span  length  (0.5)  these  sym 
metric  modes  have  much  lower  frequencie 
than  do  the  asymmetric  modes  and  are  th* 
motions  to  be  expected  if  the  wind  can  caui 


^Aerodynamic  stability  of  suspension  bridges  with  specia 
reference  to  the    Tacoma   Narrows   Bridge.    University 
Washington  Engineering  Experiment  Station,  Bulletin  118 
Part  II:  Mathematical  Analyses,  by  F.  C.  Smith  and  G.  S 
Vincent. 

The  mathematical  theory  of  vibration  in  suspension  bridges] 
by  Bleich,  MeCullough,  Rosecrans,  and  Vincent.  Chapter 
4  and  6.  Bureau  of  Public  Roads.  (Published  by  Govern 
ment  Printing  Office.) 


Table   1. — Frequencies   of   modes   as    com 
puted  from  bridge  properties 


Assumption 

Frequency  in  c.  f 

.  m. 

Symmetric 

Asymmetric 

Ver- 
tical 

Tor- 
sional 

Ver- 
tical 

Tor- 
sional 

Neglecting  continuity 
of  girder. 

21.8 
21.8 

29.7 

34.4 
'37.5 

36.3 
36.3 

49.5 
58.8 
63.3 

Neglecting  continuity 
andtorsionalstiffness. 

Considering  continuity 
of  girder 

Considering    torsional 
stiffness  of  girders  but 
not  of  lateral  system. 

Considering    torsional 
stillness    of    girders 
acting  with  top  and 
bottom   lateral   sys- 
tems  

1  Tbis  figure  would  be  increased  about  10  percent  if  the 
effect  of  the  torsional  rigidity  of  the  towers  were  also  cott 
sldered. 
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Figure  1. —  Wave  forms,  first  symmetric  modes. 


dilation  of  the  section.  The  frequencies 
21.8  and  37.5  c.  p.  m.  (cycles  per  minute)  in 
rtical  and  torsional  oscillation  reflect  the 
3uence  of  vertical  and  torsional  stiffness  and 

continuity.  The  other  frequencies  were 
mputed  to  show  the  effects  of  the  different 
ffness  factors. 

The  fact  that  the  frequencies  of  the  vertical 
odes  are  not  affected  by  girder  continuity 
iicates  that  the  amplitudes  of  the  main-span 
d  side-span  waves  are  such  that  there  is 
actically  no  moment  at  the  tower.  Mr.  J. 
jrol  of  Howard,  Needles,  Tammen,  and 
Tgendoff  has  calculated  the  frequency  of  the 
tnmetric  torsional  mode  as  influenced  by  the 
•sional  resistance  of  the  towers,  in  addition 
the  full  torsional  stiffness  of  the  suspended 
ucture.  The  tower  stiffness  increased  the 
quency  about  10  percent. 
Figure  1  shows  the  computed  wave  forms  of 
3  first  symmetric  vertical  and  torsional 
i)des.  The  asymmetric  wave  forms  were 
■t  computed.  They  would  be  essentially 
;,e  curves  over  the  main  span  with  single- 
i,ve  curves  of  opposite  signs  on  the  side  spans 
ue  to  the  continuity  of  the  trusses) . 
The  ratio  of  torsional  to  vertical  frequency 
»the  first  symmetric  modes  is  37.5/21.8=  1.72. 
:ds  ratio  would  be  important  on  a  bridge 
(:tion  subject  to  pronounced  flutter  involving 
coupling  of  vertical  and  torsional  modes  of 
iiilar  wave  form,  such  as  was  found  on 
;  idels  of  the  proposed  design  for  the  Tacoma 
lirrows  Bridge  before  the  roadway  slots  and 
ttom  laterals  were  provided  because,  for 
:h  a  bridge,  the  velocity  required  to  cause 
jtter  increases  sharply  with  an  increase  in 
ratio  of  frequencies.  It  is  of  no  special 
nificance   on  sections  showing   only   weak 

dencies  to  coupling,  characteristic  of  girder- 
Jened  sections,  including  the  Kansas  City 
idge  covered  by  this  report. 

Section  Model  Tests 

\  comparison  of  dimensions  showed  that  the 
lilable  1/50  scale  section  model  of  the 
onx-Whitestone  Bridge  (as  originally  built) 
lid  be  quite  readily  modified  to  represent 
isfactorily  a  1/46.3  scale  section  model  of 
:  proposed  Kansas  City  Bridge.2     Figure  2 

Tests  on  section  models  of  the  Bronx-Whitestone  Bridge 
the  Paseo  Bridge,  as  well  as  several  others,  are  reported 
lerodynamic  stability  of  suspension  bridges  with  special  ref- 
ce  to  the  Tacoma  Narrows  Bridge.  University  of  Wash- 
on  Engineering  Experiment  Station,  Bulletin  116. 
t  V:  Extended  studies:  logarithmic  decrement,  field  damping, 
otype  predictions,  four  other  bridges,  by  Q.  S.  Vincent. 
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shows  a  cross  section  of  the  modified  model 
with  dimensions  and  make-up.  Through  a 
misunderstanding,  the  girder  of  the  model  was 
made  to  represent  the  shape  of  a  prototype 
girder  4  feet  wide  instead  of  Z){  feet.  This 
discrepancy  was  not  considered  critical  and 
the  tests  were  completed  on  the  model  as 
built.  Some  other  dimensions  of  the  existing 
model  are  not  in  the  exact  ratio  of  1:46.3  to 
the  prototype,  but  these  discrepancies  are  of 
no  consequence. 

The  cables  are  not  included  in  making  a 
section  model  because  full  model  tests  have 
shown  that  the  wind  forces  on  the  cables  have 
no  appreciable  effect  on  the  oscillation  of  the 
structure  as  a  whole.  However,  the  mass  of 
the  cables  moving  in  their  vertical  plane  is 
important.  Therefore,  it  is  the  practice  to  in- 
crease the  weight  and  mass  moment  of  inertia 
of  the  section  model  by  the  equivalent  of  the 
weight  of  the  cables  acting  vertically  in  their 
planes. 

The  mass  radius  of  gyration  of  the  bridge 
cross  section  as  computed  by  the  designer  is 
24.05  feet,  including  the  cables  and  hangers 
acting  vertically  in  their  planes.  This  corre- 
sponds to  24.05/46.3  =  0.52  foot  or  6.24  inches 
on  the  model.  The  computed  radius  of  gyration 
of  the  model,  including  attachments,  record- 
ing pick-up  and  one-third  of  the  springs,  was 
6.58  inches,  which  was  considered  satisfactory, 
especially  since  the  ratio  of  torsional  to  ver- 
tical frequency  can  be  independently  con- 
trolled on  the  model. 


K-  087— f 


The  dead  load  of  the  bridge  was  given  as 
12,000  pounds  per  linear  foot,  including  the 
cables.  This  would  require  a  model  weight 
per  foot  of  model  of  12,000/46.32  =  5.6  pounds. 
The  actual  weight  of  the  model  and  fittings 
per  foot  of  model  was  (19.6/61.62)  X  12  =  3.82 
pounds.  Thus  the  model  was  deficient  in 
weight  in  the  ratio  of  3.82/5.6  =  0.68.  This 
means  that  while  the  wind  forces  acting  on 
the  model  were  to  true  scale  as  compared 
with  the  prototype,  being  dependent  on  size 
and  shape,  the  inertial  forces  of  the  model  in 
motion  were  only  68  percent  of  what  they 
should  have  been.  The  correction  which  this 
required  when  the  model  results  were  applied 
to  the  bridge  is  explained  in  the  last  section  of 
this  report,  where  the  prototype  response  is 
analyzed. 

The  model  was  suspended  from  four  helical 
springs.  These  are  usually  designed  to  repro- 
duce to  scale  the  frequency  of  the  prototype 
vertical  mode  under  investigation  (in  this  case, 
21.8  V46.3=148  c.  p.  m.).  For  these  tests 
however,  the  most  suitable  available  set  of 
springs,  giving  a  frequency  in  still  air  of  68.3 
c.  p.  m.,  was  used.  This  was  permissible  be- 
cause of  the  practically  constant  ratio  of  the 
frequency  of  an  oscillation  to  the  wind  velocity 
required  to  excite  it,  a  relation  found  in 
previous  tests  and  confirmed  for  this  model, 
as  will  be  shown  later. 

In  the  absence  of  any  torsional  spring  action, 
the  frequency  of  the  torsional  mode  of  the 
section  model  would  be  that  of  the  vertical 
mode  multiplied  by  bj2r,  where  r  is  the  mass 
radius  of  gyration  and  b  the  width  (center  to 
center  of  springs  in  this  case).  This  would 
give  a  torsional  frequency  of  (68.3  X  17.8)  -=- 
(2X6.58)  =92.4  c.  p.  m.  for  this  model. 
However,  type  I  (see  fig.  3)  restraining  wires 
were  used  to  produce  torsional  frequencies 
of  99.7  and  120.5  c.  p.  m.  for  two  series  of 
tests.  Restraining  wires,  used  primarily  to 
prevent  swaying  of  the  model  in  the  wind 
stream,  are  customarily  anchored  some  10 
feet  upwind  and  downwind  from  the  model. 
It  will  be  noted  that  with  type  II  restraining 
wires,  the  vertical  component  of  the  force  in 
the    wires    is    negligible    whether   the    model 
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TYPE  I    RESTRAINING   WIRES 


Ih 
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TYPE  II    RESTRAINING   WIRES 

Figure  3. — End  fixity  plates,  required  for  tests  on  some  models,  were  not  used  on  the  Paseo  Bridge  model. 


oscillates  in  vertical  or  torsional  motion. 
With  the  type  I  restraining  wires,  this  is  still 
true  in  the  ease  of  vertical  motion,  and  is 
true  for  torsional  motion  with  respect  to  the 
portion  of  the  wire  from  each  end  to  the  model 
support.  However,  that  portion  of  the  wire 
between  the  model  supports  will  have  a  very 
significant  vertical  component  in  torsion. 
Thus,  the  type  I  wires  act  as  springs  to  restrain 
torsional,  but  not  vertical,  motion  and  their 
effect  is  to  increase  the  frequency  of  the  tor- 
sional oscillation,  while  having  little  influence 
on  that  of  the  vertical.  The  strength  of  this 
action  is  increased  by  increasing  the  tension  of 
the  restraining  wire. 

Tests  were  made  in  a  horizontal  wind  and 
at  an  angle   of  attack  /3  of  +6°  (wind   angled 


upward    6°)    and    —6°    (wind  angled  down- 
ward 6°). 

A  test  series  was  run  with  the  sidewalk 
grating  closed  except  for  a  small  slot  under  the 
curb,  and  a  partial  series  was  run  with  both 
the  sidewalk  and  median-strip  gratings  simi- 
larly closed. 

Test  Data 

The  solid  lines  in  figure  4  show  the  ampli- 
tude of  vertical  and  torsional  oscillation 
plotted  against  the  wind  velocity  for  the  model 
mounting  that  gave  natural  (wind  off) 
frequencies  of  68.3  and  99.7  c.  p.  m.  in  vertical 
and  torsional  oscillation,  respectively.  It 
will  be  noted  in  this  figure  that  the  wind- 
forced  frequencies  were  only  slightly  greater 


in  vertical  motion  and  slightly  less  in 
sional  motion  than  the  respective  natu 
frequencies,  which  indicates  that  the  coupli 
tendency — the  wind-induced  interaction 
torsional  and  vertical  motion — was  smi 
This  was  true  in  all  of  the  tests  on  this  mo 
and  is,  in  general,  characteristic  of  gird 
stiffened  sections  with  their  blunt  edges. 

Previous  tests  on  these  springs  and  th 
mountings  had  indicated  a  logarithmic  d 
rement  Ss  due  to  structural  damping  ale 
of  about  0.002  on  the  model,  which  is, 
course,  very  low  compared  to  the  damp: 
to  be  expected  on  a  bridge. 

The  solid  lines  in  figure  5  show  the  respoi 
curves  obtained  after  the  tension  in  the 
straining  wires  had  been  increased  to  giv«j 
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Figure  4.— Model  response  curves,  Nt/Nv  =  1-46. 


atio  of  torsional  to  vertical  frequency  of  1.73. 
The  added  tension  raised  the  frequency  21 
Percent  in  the  torsional  mode  and  only  2  per- 
tent  in  the  vertical  mode. 

It  will  be  noted  in  both  figures  4  and  5  that 
;he  vertical  oscillation  due  to  a  horizontal 
irind  was  restricted  to  the  narrow  velocity 
•ange  from  about  2\{  to  3}i  feet  per  second 
ind  reached  a  maximum  double  amplitude 
)f  about  0.7  inch  over  a  very  restricted  range 
lear  3J4  feet  per  second.  Figure  4  shows  that 
when  the  angle  of  attack  /3  was  +6°  or  —6° 
the  vertical  oscillation  was  even  less  and  was 
restricted  to  a  narrower  velocity  range. 

The  torsional  oscillation,  on  the  other  hand, 
began  at  a  fairly  distinct  "critical  velocity" 
but  increased  in  amplitude  as  the  velocity 
was  increased  and  showed  no  tendency  to  drop 
off  at  higher  velocities  within  the  scope  of 
the  tests.  (The  test  records  for  /3=0°,  fig.  4, 
show  that  the  double  amplitude  exceeded  26° 
for  velocities  from  7.77  to  15.06  feet  per 
second.)  The  model  was  seized  to  prevent 
greater  motion,  which  would  have  caused 
damage.  It  will  be  noted  in  both  figures  4 
and  5  that  the  torsional  oscillation  began  at 
a  lower  critical  velocity  when  the  angle  of 
attack  was  changed  from  0°  to  +6°.  Also, 
the  critical  velocity  for  a  given  angle  of  attack 
was  increased  when  the  frequency  of  the 
torsional  oscillation  increased  (compare  figs.  4 
and  5). 

The  solid  lines  in  figure  6  show  the  ampli- 
tudes in  vertical  and  torsional  oscillation 
plotted  against  the  ratio,  V/Nb,  in  which  V 
is  the  velocity  in  feet  per  second,  N  is  the 
frequency  in  cycles  per  second,  and  b  is  the 
width  of  the  model  in  feet.  The  curves 
plotted  from  model  tests  made  at  different 
frequencies  fall  so  close  together  as  to  verify 
for  this  section  the  statement  that  the  wind 
velocity  required  to  cause  a  given  oscillation 
varies  iu  direct  proportion  to  the  frequency 
of  the  oscillation.     The  dimension  b  of  the 
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model  is  introduced  in  the  denominator  in 
order  to  make  the  ratio  nondimensional  and 
thus  applicable  to  the  prototype  or  any  scale 
model  of  it.  Thus,  knowing  from  model  tests 
the  critical  value  of  the  V/Nb  ratio,  designated 
(V/Nb)c,  at  which  a  wind-excited  oscillation 
(vertical  or  torsional)  will  begin,  the  wind 
velocity  Vv  at  which  the  prototype  will  begin 
to  oscillate  can  be  determined  in  feet  per 
second  from  the  equation: 

VJNvbp=(V/Nb)e (1) 


Prediction  of  Prototype  Behavior 

Whether  or  not  an  oscillation  observed  on 
the  model  will  appear  on  the  prototype  in  an 
ideal  wind  stream  (uniform  and  steady)  at  the 
prototype    fr<  amplitude,    and    wind 

velocity  will  depend  primarily  upon  the  rela- 
tive strengths  of  the  exciting  wind  forces  and 
the  damping  forces.  This  cannot  be  deter- 
mined directly  from  the  model  response  curves 
unless  the  structural  damping  of  the  model 
set-up  happens  to  be  fairly  close  to  that  of  the 
prototype,  which  would  only  be  true  by  acci- 
dent, since  it  is  impracticable  to  attempt  to 
reproduce  to  proper  scale  on  a  model  all  of  the 
damping  influences  of  a  bridge.  However,  a 
technique  has  been  developed  whereby  the 
structural  damping  of  an  existing  suspension 
bridge  can  be  determined  with  reasonable 
accuracy  by  means  of  dynamic  tests  on  the 
bridge  and  wind-tunnel  tests  on  a  section 
model  of  it,  together  with  a  correlating  theo- 
retical analysis.  The  strength  of  the  exciting 
force,  considered  mathematically  as  negative 
damping,  can  be  determined  from  the  oscillo- 
graph records  of  the  motion  of  the  model. 

A  convenient  measure  of  the  strength  of  the 
exciting  and  damping  forces  is  their  ability  to 
increase  or  decrease  the  amplitude  of  a  vibra- 
tion. This  may  be  expressed  by  the  logarith- 
mic decrement  5,  which  is  the  natural  log- 
arithm of  the  ratio  of  the  peak  amplitudes  of 
two  successive  cycles;  that  is, 


=  log«=— 


(2) 


by    substituting    the    known    frequency 
and  width  bv  of  the  prototype. 


Nv 


in  which  7?o  and  771  are,  respectively,  the  ampli- 
tude peaks  of  any  cycle  and  of  the  cycle  im- 
mediately following  it.  For  a  vibration  acted 
upon^only  by  viscous  damping  (a  damping 
force  proportional  to  the  velocity  of  vibra- 
tion), the  amplitude  decays  as  a  logarithmic 
or  exponential  curve  and  the  value  of  S  is  con- 
stant for  all  amplitudes. 
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Figure  5. — Model  response  curves,  l\T/Nr  =  l-73. 
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Figure  6. — Model  response  plotted  against  V/Nb  ratio;  also  predicted  prototype  response. 


Many  forms  of  damping  are  not  purely 
viscous,  so  that  the  value  of  8  varies  when 
computed  at  different  points  along  the  curve 
of  amplitude  decay.  This  is  true  of  the  aero 
dynamic  damping  in  still  air  and  especially 
true  of  the  complex  damping  due  to  a  wind  of 
constant  velocity,  which  not  only  varies  with 
the  amplitude  but  may  be  negative  over  cer- 
tain amplitude  ranges  and  positive  over 
others. 

The  damping  affecting  the  vibration  of  a 
model  or  bridge  always  includes  both  the 
structural  damping  of  the  mechanism  and  the 
damping  due  to  motion  in  still  air  or  in  a 
wind.    This  may  be  expressed  as  5  =  5s  +  5a  in 


which  the  subscripts  ,  and  „  designate  the 
structural  and  aerodynamic  damping,  respec- 
tively. The  plotted  points  on  response  curves 
such  as  shown  in  figures  4  and  5  represent  the 
amplitude  which  will  build  up  and  remain 
steady  when  the  velocity  is  maintained  con- 
stant at  the  value  indicated.  At  any  steady- 
state  amplitude  the  value  of  5  must  be  zero 
(since  iji  =  ?jo),  which  can  only  be  true  when 
the  negative  value  of  8a  is  just  equal  numeri- 
cally to  the  positive  value  of  8,. 

The  values  of  5  were  determined  from  the 
measured  amplitudes  of  the  oscillograph 
record  taken  while  the  motion  built  up  from 
rest  to  the  steady  state  for  several  of  the  wind- 
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Figure  7. — Decrement  curves  for  torsional  oscillation  at  98  cycles  per  minute. 


velocity  test  runs  used  in  plotting  the  respon 
curves  for  13  =  0°  in  figures  4  and  5.  Tl! 
values  of  8a  were  determined  by  subtractii 
0.002,  the  approximate  value  of  8S,  from  5  . 
determined  from  the  records,  and  5„  w. 
plotted  against  amplitude  in  figures  7  and 
each  curve  being  identified  by  the  wir 
velocity  for  which  it  was  determined  and  I  i 
the  value  of  the  V/Nb  ratio  corresponding  i 
that  velocity. 

The  intersections  of  the  decrement  curv 
with  the  amplitude  axis,  representing  5a= 
mark  the  steady-state  amplitude  which  wou 
be  reached  at  the  corresponding  velocities 
there  were  no  structural  damping.  If  tl 
structural  damping  58  is  plotted  downwai 
from  the  axis  of  zero  damping,  its  intersectioi 
with  the  aerodynamic  decrement  curves  wi 
mark  the  amplitudes  at  which  5S=—  8a  i 
53  +  5o=0,  thus  indicating  the  steady-sta 
amplitudes. 

The  short-  and  long-dash  horizontal  lim 
in  figures  7  and  8  represent  5S  =  0.05  an 
5S  =  0.075,  respectively.  The  amplitudes  ii 
dicated  by  their  intersections  with  the  aer< 
dynamic  decrement  curves  were  plotted 
figures  4  and  5  to  produce,  respectively,  tl 
dotted  and  dashed  response  curves. 


Effect  of  Underweight  Model 

Earlier  in  this  report  it  was  mentioned  th* 
a  correction  would  be  required  in  applying  tl 
model  test  results  to  the  prototype  because  tl 
model  weight  was  only  68  percent  of  that  of 
truly  scaled  model.  It  was  noted  that  th 
disturbed  the  relation  between  the  wini 
forces,  dependent  upon  size  and  shape,  and  th 
inertial  forces,  dependent  upon  mass. 

Most  reference  books  on  vibration  show  th 
logarithmic  decrement  in  terms  of  oth^ 
properties    of    the    vibrating    system,    thus! 


8  = 


eg 

2wN 


(3) 
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in  which  c  is  the  damping  force  per  unj 
velocity,  g  is  the  acceleration  of  gravity,  w 
the  weight,  and  N  is  the  frequency.  In  th 
tests,  the  aerodynamic  damping  force  coi 
responding  to  c  in  the  expression  for  8  wa 
correctly  scaled  but  the  weight  w  was  only  6 
percent  of  the  correct  value.  It  follows  tha 
8a  as  determined  from  the  tests  was  too  larg 
and  should  be  multiplied  by  0.68  to  obtain  th 
correct  value.  This  correction  could  be  mad 
graphically  in  figures  7  and  8  by  simply  multi 
plying  the  ordinate  scale  by  0.68.  If  thi 
were  done  the  ordinates  of  the  short-  an< 
long-dash  curves  for  —  8S  would  represen 
values  of  0.034  and  0.051  instead  of  0.05  ani 
0.075.  The  steady-state  amplitudes  indicate 
by  the  intersections  of  these  curves  with  th 
aerodynamic  decrement  curves  were  therefor 
plotted  against  the  V/Nb  ratio  in  figure  6  ant 
identified  as  derived  curves  for  the  prototype 
for  8S  =  0.034  and  6S  =  0.051.  The  prototyp. 
wind    velocity    scale    corresponding    to    thij 

>  For  a  fuller  discussion  of  damping  in  relation  to  susperi 
sion  bridges  see  Appendix  11,— Energy  and  damping,  in  aero* 
dynamic  stability  of  suspension  bridges:  progress  report  of  th 
advisory  board  on  the  investigation  of  stispension  bridges.  Pro! 
ceedings  of  the  American  Society  of  Civil  Engineers,  vol.  78 
Separate  Nos.  144A,  144B,  Aug.  1952. 
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Figure  8. — Decrement  curves  for  torsional  oscillation  at  119  cycles  per  minute. 
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Figure  9. — Response  curves  with  sidewalk  grating  closed. 
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INb  scale  for  the  first  symmetric  torsional 

jiode  is  shown  in  figure  6.     It  was  computed 

Jurom  equation  (1),  using  the  prototype  values 

orfl/»  =  37.5  c.  p.  m.  and  &„  =  69  feet,  thus: 

vpf}       Vv=(V/Nb)Npbp=^X6Q(V/Nb) 

=  43.12(V/JV6)  feet  per  second 
=  29A(VINb)  miles  per  hour. 

Probable  Behavior  of  Bridge 

'■J:    Torsional    oscillation. — There    is    evidence 


hour  and  reach  about  6°  of  double  amplitude 
at  85  to  90  miles  per  hour  in  a  steady  uniform 
wind.  Unless  the  wind  is  unusually  steady 
and  uniform  along  the  bridge,  however,  it  is 
likely  that  even  maximum  storms  will  cause 
only  small,  more  or  less  spasmodic  oscillation, 
perhaps  enough  over  a  few  cycles  to  be  identi- 
fied as  to  frequency  and  general  wave  form. 

Vertical  motion. — Figure  6  shows  the  maxi- 
mum amplitude  of  the  vertical  oscillation  of 
the  section  model  occurring  at  about  V/Nb  = 
1.85.  For  the  first  symmetric  vertical  mode 
of  the  prototype  JVP  =  21.8  c.  p.  m.  and  the 
peak  amplitude  would  be  expected  at: 


that  S8  for  the  Golden  Gate  Bridge  and  the 
original  Tacoma  Narrows  Bridge  is  well 
below  0.05.  By  comparison  with  these,  the 
bridge  at  Kansas  City,  with  a  much  greater 
proportion  of  the  total  energy  stored  in  bend- 
ing and  twisting  the  heavy  girders  and  with 
top  and  bottom  lateral  systems  forcing  more 
participation  of  the  concrete  deck,  should 
have  a  structural  decrement  somewhat  more 
than  0.05.  Using  the  predicted  response 
curve  for  58  =  0.051  in  figure  6,  the  first  sym- 
metric torsional  mode  would  be  expected  to 
appear  at  a  velocity  of  about  62  miles  per 


Vv      1.8&X   6Q   Xt)JX528()- 


=31.6    miles 
per  hour 


However,  variations  of  only  a  few  miles  per 
hour  above  or  below  this  figure  would  greatly 
reduce  the  effectiveness  of  the  wind  (  —  Sa  was 
generally  less  than  0.04  and  reached  0.06  to 
0.07  within  a  very  narrow  velocity  range). 

Although  5S  for  the  vertical  motion  may  be 
less  than  0.05,  it  is  unlikely  that  vertical 
oscillation  will  appear  except  in  random 
form  or  for  a  few  cycles. 

Effect  of  closing  slots. — Figure  9  shows  model 
response  curves  with  the  sidewalks  covered 
but  with  a  small  gap  under  the  curbs.  By 
comparison  with  the  solid-line  curves  of 
figure  5,  it  is  seen  that  closing  the  sidewalk 
grating  raised  the  critical  velocity  of  the 
torsional  mode  about  1.0  foot  per  second  for 
j3=f6°  and  about  1.5  for  0  =  0°.  The  in- 
creases in  (V/Nb)e  are  about  0.3  and  0.5, 
corresponding  to  10  to  15  miles  per  hour  for 
the  first  symmetric  torsional  mode  of  the 
prototype. 

Figure  10  shows  the  response  at  /3=0° 
when  the  sidewalks  and  median  strip  were 
covered  except  for  the  small  curb  slot. 
Comparing  this  with  figure  5  shows  an  increase 
of  more  than  2  feet  per  second  in  critical 
velocity  or  over  20  miles  per  hour  on  the 
prototype. 

These  tests  support  others  indicating  that 
roadway  slots  which  are  beneficial  in  combat- 
ting flutter  of  thin  sections  are  often  detri- 
mental in  dealing  with  torsional  oscillation  of 
the  blunt  sections  of  girder-stiffened  suspen- 
sion bridges.  The  excitation  of  the  latter 
arises  largely  from  the  wind  flow  adjacent  to 
the  girders,  while  the  roadway  slots  seem  to 
reduce  the  damping  effect  of  the  deck. 
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Figure  10. — Response  curve  with  sidewalk  and  median  area  gratings  closed. 


Driver  Behavior 

(  Continued  from  page  169) 

vehicles  traveling  in  the  right  lane  were  af- 
fected approximately  the  same  as  passenger 
cars  by  objects  at  the  pavement  edge.  At  the 
higher    volumes,    the    effect    on    commercial 


vehicles  was  slightly  less  than  on  passenger 
cars.  The  lateral  positions  of  commercial 
vehicles  were  not  influenced  by  a  barricade 
placed  either  3  or  6  feet  from  the  pavement 
or  by  a  truck  or  car  parked  6  feet  therefrom. 
Although  the  lateral  positions  of  vehicles 
in  the  right  lane  were  affected  by  objects  on 


the   shoulder,    the   objects   did   not    cause  ||a| 
change  in  the  distribution  of  traffic  betwe  U 
the  two  lanes.     The  objects  on  the  should 
did,  however,   cause  an  increase  in  the  pe| 
centage  of  commercial  vehicles  that  straddl 
the  lane  marking 
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Needs  of  the  Highway  Systems,  1955-84 


On  March  25,  1955,  the  Secretary  of  Com- 
firce  transmitted  to  the  Congress  a  report 
1  the  cost  of  construction  needed  to  modern- 
e  the  Nation's  highways,  prepared  by  the 
ureau  of  Public  Roads  in  cooperation  with 
le  State  highway  departments,  pursuant  to 
le  requirement  in  section  13  of  the  Federal- 
id  Highway  Act  of  1954. 
This  report,  titled  Needs  of  the  Highway 
ystems,  1955-84,  has  been  published  as 
louse  Document  No.  120,  84th  Congress, 
3t  Session,  and  is  available  from  the  Superi- 
ntendent of  Documents,  U.  S.  Government 
rinting  Office,  Washington  25,  D.  C,  at 
5  cents  a  copy. 

The  cost  of  construction  needed  to  modern- 
te  the  Nation's  roads  and  streets  within  the 
9-year  period  1955-64  would  amount  to 
101  billion,  the  report  shows.  Construction 
eeds  for  the  following  20  years,  1965-84,  to 
jstain  adequacy  and  provide  for  expanding 
•affic  growth,  were  estimated  to  cost  $114 
ill  ion. 

Maintenance  needs  and  administrative  costs 
mst  also  be  considered  in  the  total  cost  of  a 
_[ighway  program.  Maintenance  needs  for 
I he  initial  10-year  period  were  estimated  to 
MDtal  $19.4  billion,  and  for  the  1955-84  period, 
eef48.8  billion.  The  estimates  of  administra- 
tive costs  were  $5.9  billion  for  the  first  10-year 
}e|'eriod  and  $7.8  billion  for  1965-84. 
lie? 


The  total  estimated  needs  for  the  30  years 
from  1955  to  1984  thus  amount  to  $297.1 
billion,  of  which  72  percent  is  for  construction. 
The  total  needs  over  the  entire  period  average 
out  to  $9.9  billion  a  year.  By  way  of  com- 
parison, the  total  expenditure  (exclusive  of 
debt  service)  for  all  roads  and  streets  in  1954 
was  $6.1  billion,  of  which  64  percent  was  for 
construction. 

The  several  estimates  were  made  for  five 
major  systems:  Interstate,  other  Federal-aid 
primary,  Federal-aid  secondary,  other  State 
highways,  and  all  other  roads  and  streets. 
Each  of  these  was  divided  into  rural  and  urban 
except  the  Federal-aid  secondary  system, 
which  is  almost  wholly  rural.  The  estimates 
for  this  system  were  divided  according  to  State 
or  local  control.  The  estimated  construction 
needs  for  the  initial  10-year  period  were  re- 
ported by  States,  and  these  data  are  repro- 
duced as  table  1  on  page  178. 

In  a  statement  on  highway  financing  in- 
cluded in  the  report,  it  is  noted  that  the 
established  flow  of  funds  for  highways  at  cur- 
rent tax  rates,  taking  into  account  increasing 
motor-vehicle  usage,  should  produce  $47  bil- 
lion for  highway  construction  in  the  10-year 
period  1955-64.  A  deficit  of  $54  billion  must 
be  overcome  if  the  $101  billion  needs  are  to  be 
met. 

Decision  as  to  a  financing  program  should 


take  into  account  the  division  of  cost  burden 
among  various  levels  of  government,  the 
amount  that  can  be  spent  for  highways  in 
view  of  other  public  needs,  and  the  suitability 
of  various  methods  of  obtaining  funds  for 
highways. 

The  President's  Advisory  Committee  on  a 
National  Highway  Program,  headed  by  Gen. 
Lucius  D.  Clay,  presented  its  recommenda- 
tions in  a  January  1955  report,  A  Ten-Year 
Highway  Program  (available  from  the  Super- 
intendent of  Documents,  U.  S.  Government 
Printing  Office,  Washington  25,  D.  C,  at  20 
cents  per  copy).  The  Committee  proposes  a 
total  construction  expenditure  by  the  Federal 
Government  of  $31,225  billion  over  the  next 
10  years.  Of  the  total,  $25  billion  is  for  the 
interstate  system  including  essential  urban 
arterial  connections,  $3.15  billion  for  the  re- 
mainder of  the  Federal-aid  primary  system, 
$2.10  billion  for  the  Federal-aid  secondary 
system,  $0.75  billion  for  the  Federal-aid  urban 
system,  and  $0,225  billion  for  forest  highways. 
Financial  participation  by  State  and  local 
governments  would  amount  to  $2  billion  on 
the  interstate  system  including  essential  urban 
arterial  connections.  For  the  other  Federal- 
aid  systems,  statutory  matching  requirements 
would  remain  unchanged  and  would  amount 
to  slightly  less  than  the  Federal  contributions 
of  $6,225  billion. 


Progress  and  Feasibility  of  Toll  Roads  and 
Their  Relation  to  the  Federal-Aid  Program 


The  Secretary  of  Commerce  transmitted  to 
he  Congress  on  April  14,  1955,  a  report  on  the 
progress  and  feasibility  of  toll  roads  and  their 
iossible  effects  on  the  Federal-aid  highway 
•rogram,  in  accordance  with  section  13  of  the 
'"ederal-Aid  Highway  Act  of  1954.  The  study 
ras  made  by  the  Bureau  of  Public  Roads  in 
©operation  with  the  State  highway  depart- 
ments. 

The  report,  entitled  Progress  and  Feasi- 
ility  of  Toll  Roads  and  Their  Relation  to  the 
?ederal-Aid  Program,  has  been  published  as 
'louse  Document  No.  139,  Eighty-fourth 
Congress,  first  session,  and  is  available  from 
■he  Superintendent  of  Documents,  TJ.  S.  Gov- 
smment  Printing  Office,  Washington  25,  D.  C, 
it  15  cents  a  copy. 

The  study  found  that  highways  feasible  of 
:onstruction  as  toll  roads  lie  almost  entirely 
vithin  the  40,000-mile  network  of  the  National 
System  of  Interstate  Highways.  This  inter- 
itate  system,  linking  industrial  and  commercial 
jenters  from  coast  to  coast,  embraces  all  but 
ibout  200  miles  of  the  6,900-mile  total  which 
the  report  regards  as  now  feasible  for  addi- 
tional toll-road  construction. 

In  making  this  estimate  of  toll-road  feasi- 
bility  the   investigation   excluded   routes   on 
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which  present  improvements  or  those  already 
programed  for  early  construction  were  ex- 
pected to  meet  traffic  demands  of  the  future. 
Thus  the  toll-road  potential  is  in  addition  to 
mileage,  either  toll  or  free,  that  now  meets 
traffic  requirements  and  those  sections  which 
definitely  programed  improvements  will  make 
satisfactory. 

Feasibility  of  potential  toll  roads  was  de- 
termined by  dividing  the  estimated  yearly  net 
operating  income  for  a  particular  section  of 
road  by  the  annual  cost  of  debt  service  result- 
ing from  the  issuance  of  revenue  bonds. 
Recent  experience  shows  that  bonds  offered 
to  finance  toll  roads  when  the  annual  net 
revenue  is  one  and  one-half  times  the  yearly 
debt  service  would  be  marketable.  Therefore, 
any  section  of  road  having  a  revenue-debt 
service  ratio  of  1.5  was  regarded  as  feasible  for 
toll-road  construction  and  financing. 

The  report  estimates  that  the  construction 
cost  of  the  6,700-mile  potential  which  lies 
within  the  interstate  system  would  be 
$4,260,000,000.  Some  of  this  mileage  is  lo- 
cated in  States  that  have  not  authorized  toll 
financing  and  which  may  not  do  so  in  the 
future.  Other  sections  lie  in  States  where 
authority  to  construct  toll  roads  is  limited  to 


particular  routes  and  may  not  include  some  of 
the  sections  which  are  considered  feasible  in 
this  report.  To  the  extent  that  these  condi- 
tions prevail,  the  6,700-mile  figure  might  be 
reduced. 

The  greatest  uncertainty,  however,  centers 
on  the  policies  of  the  States  and  the  Federal 
Government  with  respect  to  the  public  funds 
from  taxes  or  bond  issues  that  will  be  applied 
to  the  improvement  of  the  interstate  system. 
The  report  points  out  that  assurance  of  public 
funds  to  provide  reasonably  early  completion 
of  this  vital  network  would  soon  spell  the  end 
of  revenue-bond  financing  of  roads  in  the 
system.  If  the  present  inadequate  allocation 
of  funds  to  this  system  is  continued,  the  mile- 
age of  potentially  feasible  toll  roads  will 
increase. 

These  findings  not  only  show  the  importance 
of  the  interstate  system,  they  also  raise  ques- 
tions concerning  Federal  participation  in  toll 
roads.  As  directed  by  the  Federal-Aid  High- 
way Act  of  1954,  the  report  includes  recom- 
mendations covering  this  point: 

1.  No  Federal  participation  in  toll  roads. — 
The  present  law  forbidding  the  collection  of 
tolls  on  highways  constructed  with  Federal-aid 
funds  should  be  continued. 
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2.  Inclusion  of  loll  roads  in  Federal-aid 
systems. — The  present  law  should  be  changed 
to  permit  the  inclusion  of  toll  roads  as  part  of 
the  National  System  of  Interstate  Highways 
when  they  meet  the  standards  for  that  system, 
and  when  there  are  reasonably  satisfactory  alter- 
nate free  roads  on  the  Federal-aid  primary  or 
secondary  systems  which  permit  traffic  to 
bypass  the  toll  roads. 

This  recommendation  is  made  to  meet 
present-day  conditions.  A  number  of  toll 
roads  which  are  in  operation,  under  construc- 
tion, or  authorized,  lie  along  the  preferred 
location  of  interstate  routes;  duplication  of 
these  roads  would  generally  be  an  economic 
waste. 


Accordingly,  if  there  is  to  be  a  continuous 
integrated  interstate  system,  it  is  reasonable 
that  these  toll  roads  be  included  in  it.  The 
inclusion  of  a  toll  road  in  the  interstate  sys- 
tem would  not  be  contrary  to  recommenda- 
tion 1.  It  would  merely  make  it  unnecessary 
to  construct  a  free  road  to  interstate  stand- 
ards closely  paralleling  the  toll  road. 

No  toll  roads  should  be  permitted  on  any 
Federal-aid  system  except  as  provided  in  the 
first  paragraph  of  this  recommendation. 
Continuous  travel  over  free  roads  will  then 
be  possible  except  over  those  portions  of  the 
interstate  system  on  which  tolls  are  collected. 
On  those  portions,  drivers  will  have  the  alter- 
native of  travel  over  a  toll  road  built  to  inter- 


state standards,  or  over  a  reasonat 
satisfactory  free  road  of  another  Federals 
route. 

Some  of  the  adverse  effects  of  toll  roads  ■ 
the  programing  of  public  highway  improv 
ments  and  many  problems  of  integration  I 
toll  roads  with  public  highway  networks  wouli 
be  greatly  alleviated  if  the  responsibility  f- 
toll  roads  were  vested  in  State  highw:1 
departments.  The  consolidation  of  respon- 
bility  for  toll  and  free  highways  would  pern; 
the  most  effective  use  of  available  engineerr.j 
and  technical  personnel,  avoid  duplicatiij 
administrative  organizations,  and  promou 
orderly  development  of  all  highway  improv- 
ments. 


Table  1. — Highway  construction  needs,  1955-64,  by  system  and  State 

[AH  amo  unts  in  millions  of  dollars] ' 


State 


Federal-aid  Systems 


Interstate 


Rural 


Ur- 
ban 


Total 


Alabama.. 
Arizona-.. 
Arkansas.. 
California- 


Colorado 

Connecticut- 
Delaware 

Florida 


( leorgia 
Idaho . . . 
Illinois.. 
Indiana. 


Iowa. 

Kansas 

Kentucky. 
Louisiana. 


Maine 

Maryland 

Massachusetts. . 
Michigan 


Minnesota.. 
Mississippi. 

Missouri 

Montana... 


Nebraska. __ 

Nevada 

New  Hampshire.. 
New  Jersey. 


New  Mexico 

New  York 

North  Carolina. 
North  Dakota... 


Ohio. 

Oklahoma 

Oregon 

Pennsylvania. 


Rhode  Island... 
South  Carolina. 
South  Dakota... 
Tennessee. 


Texas 

Utah 

Vermont. 
Virginia 


Washington 

West  Virginia 

Wisconsin. 

Wyoming 

District  of  Colum- 
bia.  


Subtotal,  Conti- 
nental United 
States. 


Hawaii    

Puerto  Rico 
Grand  total. 


316 
193 
171 
592 

130 

185 

45 

360 

569 
98 
547 
475 

220 
191 
363 
246 

140 
155 
144 
807 

262 
222 
436 
141 

90 
63 
42 
223 

176 
638 
226 
103 

537 
296 
170 
360 


1  in 
86 
261 

515 
189 
169 
386 

193 
168 

208 
282 


12,  536 


12,  536 


50 

17 

32 

1,729 

27 
370 

21 
136 

131 

9 

518 

392 

55 
16 
129 
247 

7 
279 
694 


221 
24 

163 
12 

16 

10 

24 

1,134 

59 

698 

21 

4 

824 
81 
149 
400 

116 

43 

9 

119 

357 

49 

9 

183 

274 
90 

115 
14 

152 


10,  717 


10,717 


366 

210 

203 

2,321 

157 
555 
66 


700 

107 

1,065 

867 

275 
207 
492 
493 

147 
434 

s;;s 
1,295 

483 
246 
599 
153 

106 

73 

66 

1,357 

235 
1,336 

247 
107 

1,361 

377 
319 
760 

123 

183 

95 

380 

872 
238 

17s 
569 

467 
258 
323 
296 

152 


23,253 


23,253 


Other  Federal-aid 
primary 


Rural 


139 
120 
223 
859 

321 
237 
81 
107 

467 
169 
726 
816 

978 
570 
355 
159 

219 

212 

340 

1,385 

305 
270 
699 
317 

159 
83 
159 
625 

201 

2,063 

314 

74 

622 

505 

187 

1,074 

117 
93 
141 

472 

520 
100 
167 
308 

427 
516 
523 
216 


19,  740 

59 

90 

19, 889 


Ur- 
ban 


153 
12 
26 

677 

60 
381 

26 
724 

174 

9 

256 

303 

194 
96 

132 
73 

126 
284 
285 
440 

189 
33 

178 
4 

31 

10 

45 

1,081 

46 

1,293 

42 


578 
104 
146 
482 

128 
30 
23 

115 

135 
29 
12 

159 

57 
152 
202 

10 

153 


9, 906 

41 

46 

9,  993 


Total 


292 

132 

249 

1,536 

381 
618 
107 
831 

641 

178 

982 

1,119 

1,172 
666 
487 
232 

345 

496 

625 

1,825 

494 
303 
877 
321 

190 

93 

204 

1,706 

247 

3,356 

356 

82 

1,200 
609 
333 

1,556 

245 
123 
164 
587 

655 
129 
179 
467 

484 
668 
725 
226 

153 


29,646 

100 

136 

29,882 


Federal-aid 
secondary 


State 


271 
360 

197 
166 
83 
242 

189 
64 
31 


107 
416 
256 

140 

201 

94 

532 

113 
80 

Mis 


112 
20 
82 

17 

117 
483 
255 
120 

384 

117 

73 

1,422 

28 
72 
100 
184 

464 
48 
46 

207 

257 

485 

411 

95 


9,960 

52 

64 

10, 076 


Local 


111 
49 
78 

2KS 


74 

166 
35 
108 
362 

514 

207 

79 

3 


57 
318 
736 

116 

47 


57 

21 

2 

232 


406 

""68 

91 
118 
33 
18 

10 

5 

57 

61 


136 

in 


4,907 


4,907 


Total 


134 
143 
349 
648 

197 
207 
83 
316 

355 
99 
139 

747 

514 
314 
495 
259 

140 

258 

412 

1,268 

229 

127 

308 

79 

169 
41 
84 

249 

117 
889 
255 
188 

475 

235 

106 

1,440 

38 

77 

157 

245 

464 
63 
74 

228 

307 
485 
547 
105 


14, 867 

52 

64 

14,983 


Total 


Rural 


456 
743 


648 
629 
209 
783 

1,391 

366 

1,412 

2,038 

1,712 

1,075 

1,  213 

664 


625 

896 

3,460 

796 

619 

1,443 

537 

418 

187 

285 

1,097 

494 

3,590 

795 

365 

1,634 

1,036 

463 

2,874 

162 
310 
384 
978 

1,499 
352 
410 
922 

927 
1,169 
1,278 

603 


47, 143 

111 
154 
47,  408 


Ur- 
ban 


203 
29 

58 
2,406 

87 
751 

47 
860 

305 

18 

774 

695 

249 
112 
261 
320 

133 
563 
979 
928 

410 
57 

341 
16 

47 

20 

69 

2,215 

105 

1,991 

63 

12 

1,402 
185 
295 
882 

244 
73 
32 

234 

492 

78 

21 

342 

331 

242 

317 

24 

305 


20, 623 

41 

46 

20,710 


Total 


Non  Federal-aid  systems 


Other  State 
highways 


Rural 


792 

485 

801 

4,505 

735 
1, 

256 
1,643 

1,696 

384 

2, 186 

2,733 

1,961 

1,187 
1,474 


632 
1,188 
1,875 
4,388 

1,206 
676 

1,784 
553 

465 

207 

354 

3,312 

599 

5,581 

858 

377 

3,036 

1,221 

758 

3,756 

406 

383 

416 

1,212 

1,991 
430 
431 

1,264 

1,258 

1,411 

1,595 

627 

314 


67,  766 

152 

200 
8,118 


10 
351 


229 
28 
62 

56 

8 

223 

18 


215 
215 


105 
14 


238 

24 

4 

1,165 

13 

79 

7 


260 

39 

2 

1 


3,729 


3,735 


Ur- 
ban 


5 
423 


144 

2 

158 

31 
1 

182 
33 


71 
56 

18 
14 
3 

105 

5 
4 


19 


1,742 


23 

1,765 


Total 


15 

774 

6 
373 
30 
220 

87 

9 

405 

51 


286 
271 

123 
28 
12 

162 

7 
21 
30 

1 

4 

2 

75 

92 

97 

25 

21 

1 

320 

37 
22 

1,250 

24 
98 

7 
7 

289 

41 

2 

20 

97 
1 


1 

10 

5,471 


29 

5,  500 


Other  roads  and 
streets 


Rural 


780 

135 

107 

1,385 

473 

157 

9 

124 

268 
153 
439 
741 

390 

277 

108 

66 

84 
219 
361 
655 

198 

128 
290 
170 

191 

3 

46 

344 

182 

268 
182 


794 
144 
182 
433 

25 

79 

61 

321 

651 
104 
35 

283 

283 
304 
366 
179 


13, 226 

13 
39 

13, 278 


Ur- 
ban 


469 

36 

161 

1,545 

236 

144 
13 
43 

206 

21 

1,447 

681 

132 
198 
69 
241 


21 II 


239 
98 

427 
25 

161 

8 

83 

875 

128 
553 
155 
57 


137 
109 
275 

31 
30 
41 

260 

743 

57 

5 

190 

331 
62 

424 
24 


13, 873 

21 
14 

13,908 


Total 


1,249 
171 
268 

2,930 

709 

301 

22 

167 

474 
174 

1,: 

1,422 

522 

475 
177 
307 

115 

308 

562 

2,151 

437 
226 
71 
195 

352 

11 

129 

1,219 

310 
821 
337 

106 

1,680 
281 
291 
708 

56 
109 
102 
581 

1,394 

161 

40 

473 

614 
366 
790 
203 


Total 


Rural 


27, 099 

34 

53 

27,  186 


782 

135 

117 

1,736 

479 
386 
37 
186 

324 
161 
662 
759 

393 

277 
323 
281 

189 
233 
370 
712 

200 
145 
312 

170 

193 

5 

113 

366 

256 
275 
188 
49 

1,032 
168 
186 

1,598 

38 
158 

68 
321 

911 
143 
37 
284 

34 

304 
366 
180 


16, 955 

13 

45 

17,013 


Ur- 
ban 


480 
36 
166 


236 

288 

15 

201 

237 

22 

1,629 

714 

133 
198 
140 
297 

49 
103 

204 
1,601 

244 
102 
435 

26 

163 

I 

91 
945 

151 
571 
170 

58 


150 
127 
360 

42 

49 

41 

267 

772 

59 

5 

209 

364 
63 

424 
24 


15,615 

21 
37 
15, 673 


Total 


1,  262 
171 
283 

3,704 

715 

674 

52 

387 

561 

183 

2,291 

1,473 

526 
475 
463 
578 

238 

336 

574 

2,313 

444 
247 
747 
196 

356 

13 

204 

1,311 

407 
846 
358 
107 

2,000 
318 
313 

1,958 


207 
109 
588 

1,683 

202 

42 

493 

711 
367 
790 
204 


32,  570 

34 

82 

32,  686 


All  roads  and 
streets 


Rural 

Ur- 
ban 

1,371 

683 

591 

65 

860 

224 

3,835 

4,374 

1,127 

323 

1,015 

1,039 

246 

62 

969 

1,061 

1,715 

542 

527 

40 

2,074 

2,403 

2,797 

1,409 

2,105 

382 

1,352 

310 

1,536 

401 

945 

617 

688 

182 

858 

666 

1,268 

1,183 

4,172 

2,529 

996 

654 

764 

159 

1,755 

776 

707 

42 

611 

210 

192 

28 

398 

160 

1,463 

3,160 

750 

256 

3,865 

2,562 

983 

233 

414 

70 

» 

2,666 

2,370 

1,204 

335 

649 

422 

4,472 

1,242 

200 

286 

468 

122 

452 

73 

1,299 

501 

2,410 

1,264 

495 

137 

447 

26 

1,206 

551 

1,274 

695 

1,473 

305 

1,644 

741 

783 

48 

9 

315 

64, 098 

36,238 

124 

62 

199 

83 

64,  421 

36,383 

Total 


2,054 

656 

1,084 

8,209 

1,450 

2,054 

308 

2,030 

2,257 

567 

4,477 

4,206 

2,487 
1,662 
1,937 
1,562 

870 

1,524 
2,449 
6,701 

1,650 
923 

2,531 
749 

821 

220 

558 

4,  623 

1,006 

6,427 

1,216 

484 

5,036 
1,539 
1,071 
5,714 


590 

525 

1,800 

3,674 
632 
473 

1,757 

1,969 

1,778 

2,385 

831 

324 


100,  336 

186 
282 
100, 804 


'  Individual  entries  may  vary  sliphtly  from  original  reported  data  due  to  rounding  in  millions  of  dollars. 
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A  list  of  the  more  important  articles  in  Public 
liOADS  may  be  obtained  upon  request  addressed 
>  Bureau  of  Public  Roads,  Washington  25,  D.  C. 


The  following  publications  are  sold  by  the  Superintendent 
'[ij/  Documents,   Government   Printing  Office,   Washington  25, 
K  C.     Orders  should  be  sent  direct  to  the  Superintendent  of 
documents.     Prepayment  is  required. 


iNNUAL  REPORTS 

Vork  of  the  Public  Roads  Administration: 
1941,  15  cents.  1948,  20  cents. 

-r        1942,  10  cents.  1949,  25  cents, 

'ublic  Roads  Administration  Annual  Reports 
1943;  1944;  1945;  1946;  1947. 

(Free  from  Bureau  of  Public  Ron, Is 
mnual  Reports  of  the  Bureau  of  Public  Roads: 

1950,  25  cents.  1952,  25  cents.  1951  (out  of  print). 

1951,  35  cents  1953,  25  cents. 


Publications 

Jibliography  of  Highway  Planning  Reports  (1950).     30  cents. 
Jraking  Performance  of  Motor  Vehicles  (1954).     55  cents, 
.'oust ruction  of  Private  Driveways,  Xo.  272.MP  (1937).     15  cents. 
Criteria  for  Prestressed  Concrete  Bridges  (.1954).      15  cents. 
Design  Capacity  Charts  for  Signalized  Street  and  Highway  Inter- 
sections (reprint  from  Public  Roads,  Feb.  1951).     25  cents. 
Slectrical  Equipment  on  .Movable  Bridges,  No.  265T  (1931).  L40 

cents. 
^actual    Discussion    of    Motortruck    Operation,    Regulation,    and 

Taxation  (1951).     30  cents, 
federal  Legislation  and  Regulations  Relating  to  Highway   Con- 
struction (1948).     Out  of  print, 
financing  of  Highways   by   Counties   and   Local   Rural   Govern- 
ments, 1931-41.     45  cents. 
highway  Bond  Calculations  (1936).     10  cents. 
lighway  Bridge  Location  Xo.  1486D  (1927).      15  cents. 
Lighway  Capacity  Manual  (1950).     75  cents, 
lighway  Needs  of  the  Xational  Defense,  House  Document  Xo. 

249(1949).     50  cents, 
highway  Practice  in  the  United  States  of  America   (1949).     75 

cents, 
lighway  Statistics  (annual): 

1945,  35  cents.  1948,  65  cents.  1951,  60  cents. 

1946,  50  cents.  1949,  55  cents.  1952,  75  cents. 

1947,  45  cents.  1950  (out  of  print).  1953,  $1.00. 
lighway  Statistics,  Summary  to  1945.     40  cents 

lighways  in  the  United  States,  nontechnical  (1954).     20  cents. 

lighways  of  History  (1939).     25  cents. 

dentification  of  Rock  Types  (1950).     Out  of  print. 

nterregional   Highways,   House   Document   Xo.   379   (1944).     75 
cents. 

«gal  Aspects  of  Controlling  Highway  Access  (1945).     15  cents. 

iocal  Rural  Road  Problem  (1950).      20  cents. 

lanual  on  Uniform  Traffic  Control  Devices  for  Streets  and  High- 
ways (1948)  (including  1954  revisions  supplement) .     $1.00. 
Revisions  to  the  Manual  on  Uniform  Traffic  Control  Devices 
for  Streets  and  Highways  (1954).     Separate,  15  cents 

lathematical  Theorv  of  Vibration  in  Suspension  Bridges  (1950). 
$1.25. 

[odel  Traffic  Ordinance  (revised  1953).     20  cents. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


PUBLICATIONS  (Continued) 


Motor-Vehicle   Traffic   Conditions    in    the    United   States,    H 
Document    Xo.  -1(12  |  1938).      Out  of  print. 
Pari  l.—Nonuniformity  of  State  Motor- Vehicle  Traffic  Laws 
Pari  2.— Skilled   Investigation  al   the  Scene  of  the  Accident 

Xeeded  to  Develop  Causes. 
Part  3.— Inadequacy    of   Stat,.    Motor- Vehicle    Accident    Re- 
port ing. 
Part  4. — Official  Inspection  of  Vehicles. 
Part  5.— Case  Histories  of  Fatal  Highway  Accidents. 
Part  6.— The  Accident-Prone  Driver. 
Needs  of  the  Highway  Systems,   1955-84,  House  Document    No 

120(1955).      15  cents. 
Principles  of  Highway  Construction  as  Applied  to  Airports,  Flight 

Strips,  and  Other  Landing  Areas  for  Aircraft   (1913).      $2.00. 
Public   Control  of  Highway   Access  and    Roadside    Development 

(1947).     35  cents. 
Public  Land  Acquisition  for  Highway  Purposes  1 1943),      10  cents. 
Results   of    Physical    Tests   of    Road-Building    Aggregate    (1953 

$1.00. 
Roadside  Improvement,  No.  191  MP  1 1931;.     10  cents. 
Selected  Bibliography  on  Highway  Finance  (195D.     60  cents. 
Specifications  for  Construction  of  Roads  and  Bridges  in   National 

Forests  and  National  Parks,  FP-41  (1948).     $1.50. 
Standard    Plans    for    Highway    Bridge    Superstructures    (1953), 

$1.25. 
Taxation  of  Motor  Vehicles  in  1932.     35  cents. 
Tire   Wear  and  Tire  Failures  on   Various   Road  Surface 

10  cents. 
Transition  Curves  for  Highways  (1940).      SI. 75. 

MAPS 

State  Transportation  Map  series  (available  for  39  States).  Uni- 
form sheets  26  by  36  inches,  scale  1  inch  equals  t  miles.  Shows 
in  colors  Federal-aid  and  State  highways  with  surface  types, 
principal  connecting  roads,  railroads,  airport-,  waterway-. 
Xational  and  State  forests,  parks,  and  other  reservations. 
Prices  and  number  of  sheets  for  each  State  vary — ee  Superin- 
tendent of  Documents  price  list  53. 

United  States  System  of  Numbered  Highways  together  with  the 
Federal-Aid  Highway  System  (also  shows  in  color  National 
forests,  parks,  and  other  reservations).  5  by  7  feet  (in  2  sheets), 
scale  1  inch  equals  37  miles.     $1.25. 

United  States  System  of  Numbered  Highways.  28  by  42  inches, 
scale  1  inch  equals  78  miles.      20  cents. 


Single  copies  of  the  following  publications  are  available  to 
highway  engineers  and  administrators  for  official  use,  ami 
may  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  lioads.  They  are  not  sold  by  the 
Superintendent  of  Documents. 

Bibliography  on  Automobile  Parking  in  the  United  States  I  1946 

Bibliography  on  Highway  Lighting  (1937). 

Bibliography  on  Highway  Safety  (1938). 

Bibliography  on  Land  Acquisition  for  Public  Roads  (19  17 

Bibliography  on  Roadside  Control  (1919). 

Express  Highways  in  the  United  State-:  a  Bibliography  (1945). 

Indexes  to  Public  Roads,  volumes  17-19  and  23. 

Title  Sheets  for  Public  Roads,  volume-  21   27. 


United  States 
Government  Printing  Office 

DIVISION    OF    PUBLIC    DOCUMENTS 

Washington  25,  D.  C. 

OFFICIAL    BUSINESS 

PENALTY    FOR    PRIVATE     USE    TO    AVOID 

PAYMENT    OF    POSTAGE,   $300 

(GPO) 

If  you  do  not  desire  to  continue  to  receive 
this   publication,  please    check    here   rj; 
tear  off  this  label  and  return  it  to  the  above 
address      Your  name  will  then  be  promptly 
removed  from  the  appropriate  mailing  list. 

:    •*,                                           •          *\                                                     DEPARTMENT  OF  COMMERCE    -  3UREAU  OF  PUBLIC  SOADS 

STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 

AS  OK  APRIL  30,    1955 
(Thousand  Dollars) 

- 

ACTIVE 

PROGRAM 

S  1  A  11. 

unprogramMed 

balances 

'*■                   PROGRAMMED  ONLY 

PLANS  APPROVED. 
CONSTRUCTION  NOT  STARTED 

CONSTRUCTION  UNDER  WAY 

TOTAL 

i 

Total 
Cost 

Federal 
funds 

Miles 

Total 
Cost 

Federal 
Funds 

Miles 

Total 
Cost 

Funds 

Miles 

Total 
Cost 

Federal 

Miles 

Al 

Ar 
Ai 

sr 

913,410 

3,599 
7,990 

■310,778 

6,696 

11,948 

$5,730 

4,281 

6,499 

322.9 
134.0 

$4,801 
1,090 
s,007 

$2,510 

331 

p,6s? 

48.1 
39.4 

66  o 

$45,442 

9,021 

18,027 

$22,874 
6,430 

9,003 

696.5 
150.0 

511.2 

$61,021 
16,807 

34;98i 

$31,114 
11,542 
I8'l54 

1,067.1 

California 
Colorado 

3,592 
13,726 
15,772 

25,163 

2,957 

537 

11,016 

1,737 

268 

214.4 

34.4 

1.7 

6,777 
3,448 

,  i'4; 

3>58 
1,854 
1.364 

12.1 

64.9 
2.7 

131,476 
17,585 
11.006 

65,203 
*,733 
5.294 

363.9 

200.8 
10.7 

Ib3,4l6 
23,990 
14.288 

79,682 

13,324 

6.926 

590. 
300. 

15. 

Delaware 

Honda 

Georgia 

Idaho 

Illinois 

Indiana 

3,997 

7,000 

17,470 

1,091 

25,217 
11,449 

550 

13,089 

5,804 

15.4 
335.4 
171.2 

2,    ■ 

2,956 

6,518 

1,150 
1,495 
2,843 

4.0 
40.7 
33.1 

7,293 
27,536 
54.480 

3,987 
14,141 
25.735 

•29.5 
336.5 
995.3 

10,691 

55,709 
72,447 

28,725 
34.382 

1,200. 

,   1 
12,195 
13,270 

6,327 
5!',195 
26,150 

3,967 
30,261 
14,153 

114.9 
646.6 
104.2 

5,  ■-.■ 

19,920 
19.353 

3,640 

10,469 

9.739 

86.9 

73.5 

105 . 1 

12,646 
79,426 
47.162 

41,465 
24.74o 

205.3 
564.7 
143.7 

24,600 

153,541 

92.665 

15,554 
82,195 
46.638 

409. 

1,284. 

353. 

lo\ 
Ka 
Ke 

va 
nlucky 

7,253 
10,044 
10,598 

20,561 
13,219 
12,909 

10,781 
6,766 
6,904 

969.9 

1,105.9 

344.6 

6,520 
5,272 
4,101 

3,650 
2,631 

2,134 

100.2 

111.7 

22.3 

22,587 
21,053 
31.393 

12,418 
10,590 
15.736 

308. 8 
831.1 
323.5 

49,668 
39,544 
48.403 

26,849 
19,987 
24.774 

1,878.     | 

2,048. 
690. 

1  0 
Mi 
Mi 

r>  land 

6,120 
3,934 

5  ,780 

17,013 

8,570 

23.722 

8,506 

4,570 

12.465 

239.4 
55.4 
76.6 

13,028 
2,433 

3.885 

6,514 
1,315 
1,337 

134.8 
9.8 
8.2 

30,809 
15,155 
11,162 

14,242 
7,687 
5,984 

230.3 
128.3 
101.2 

60,850 
26,208 
33,789 

29,262 
13,572 
20,286 

604. 
I94. 
loo. 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New  Hampshire 

New  Jersey 
\t.  Mexico 
New  York 

15,418 
12,357 
11,537 

8,099 
45,773 
14,866 

4,039 

23,785 

7.716 

30.5 
654.6 

359.3 

1,806 

11,764 
16,174 

903 
5,941 

8,208 

140.1 
1,094.1 

4y-,372 
41,535 
16,247 

23,098 

20,954 

8,740 

45.2 
340.9 
423.9 

59,277 
99,072 
47,287 

28,040 
50,680 
24,664 

75- 
1,135. 
2,377. 

5,252 
12,657 
12.492 

16,961 
17,353 
12.800 

8,036 
6,986 
7,872 

527.6 

1,027.6 

262.1 

5,763 
7,792 
1,668 

3,025 
4,321 
2,256 

152.3 
41.3 

121.1 

23,000 
71,301 

23,265 

11,820 
37,133 
14,413 

515.9 
1,163.6 

■-,.._ 

45,724 
96,946 
39,733 

22,881 

50,445 
P4,S46 

1,195. 

2,232. 

842. 

8,605 
9,850 
4.49C 

28,751 
1,700 
3.217 

15,068 
1,421 
1.608 

1,092.5 
77.2 
21.7 

4,466 
2,626 
1,141 

2,246 

2,322 

73? 

1.3 

23,602 

6,601 
6,658 

13,260 
5,557 

3,25? 

■■■"■■.- 
60.3 
40.3 

56,639 
11,127 
11,016 

30,576 
9,300 

S,S9? 

1,312. 

206. 

63. 

18,170 
5,537 

35,424 

10,744 

4,287 

50.031 

5,065 

2,698 

26,254 

75.6 
123.2 
126.? 

3,562 
2,156 

24, vn 

1,730 

1,371 

n,8?Q 

6.7 
39.0 

7s.fi 

24,3,-1 

13,098 

POP, 022 

11,315 
8,316 

94,746 

33.1 
232.0 

243.8 

39,197 

19,541 
?76,454 

18,160 
12,385 

132,831 

115. 

3  '4. 
44S.     1 

N, 
N< 
1,1 

rth  Carolina 
nil  Dakota 

10,846 

2,734 

14,439 

22,714 
14,744 
52,290 

11,263 

7,390 
26,221 

449.1 
1,646.2 

115.8 

5,009 
10,174 

a, 104 

2^546 
5,259 
4,842 

65.1 
576.6 

3S.P 

42,525 

5,604 

61,77s 

20,257 

2,804 
2fi,q4l 

572.1 
311.8 

n  ? .  s 

70,246 
30,522 

123, 169 

34,066 
15,453 

fio,oo4 

1,106. 
2,536. 

?63. 

Ok 
Or 

Pe 

luhoma 
egon 
insy  Ivania 

20,015 
7,047 

6,905 

5,854 
7,133 

70,5  V, 

3,1-64 

4,239 

36,784 

185.5 

105.8 
lfip.p 

9,006 
1,130 

1 1,64s 

4,577 
694 

S,8lS 

125.0 
16.5 

30. S 

24',  35b 

13,144 
03,600 

12,893 

8,136 
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Operating  Characteristics  of  a 


Passenger  Car  on  Selected  Routes 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  CARL  C.  SAAL 
Chief,  Vehicle  Operations  Section 


To  obtain  data  on  the  performance  of  typical  automobiles  under  various  highway 
operating  conditions,  a  representative  passenger  car  was  driven  some  28,000  miles 
on  nine  distinct  studies  during  1951  and  1952.  The  car  was  equipped  with  instru- 
ments to  record  the  amount  of  time  it  operated  at  various  speeds,  rates  of  decelera- 
tion, percentages  of  maximum  engine  torque,  and  percentages  of  full  throttle 
opening;  the  total  fuel  consumption  and  the  amount  of  fuel  used  at  various 
speeds;  and  the  total  trip  time. 

Five  of  the  nine  studies  compared  operations  over  a  freeway  having  full  control 
of  access  ivith  grade  separations  and  operations  over  a  parallel  major  highway 
with  intersections  at  grade  and  direct  access  to  abutting  property.  The  other 
studies  were  of  a  special  nature  made  to  evaluate  the  effect  of  traffic  signals,  sight 
distance,  grade  separation,  and  traffic  congestion  on  the  vehicle  operational 
characteristics. 

The  data  which  were  developed  show  some  of  the  road-user  benefits  that  may 
result  through  the  use  of  a  freeway  instead  of  a  parallel  major  higluvay,  and 
establish  basic  relations  between  fuel  consumption  and  highway  gradient.  The 
report  also  indicates  the  extent  to  which  certain  built-in  vehicle  characteristics 
are  used  in  normal  operation  and  discusses  the  relative  atlvantages,  in  terms  of 
fuel  savings,  of  two  methods  commonly  used  to  reduce  gradients. 


A  KNOWLEDGE  of  certain  operating  char- 
acteristics of  motor  vehicles  is  essential 
in  the  development  of  standards  and  specifi- 
cations for  highways  and  for  vehicles  that  will 
provide  for  the  safe  and  efficient  movement 
of  traffic.  In  order  to  obtain  data  on  the 
performance  of  typical  passenger  cars  under 
varying  highway  operating  conditions,  the 
Committee  on  Vehicle  Characteristics  of  the 
Highway  Research  Board,  assisted  by  in- 
dustry and  government,  developed  instru- 
ments to  record  for  any  trip  the  amount  of 
time  that  a  vehicle  operates  at  various  speeds, 
rates  of  deceleration,  percentages  of  maximum 
engine  torque,  and  percentages  of  full  throt- 
tle opening;  the  total  fuel  consumption  and 
the  amount  of  fuel  used  at  various  road 
speeds ;  and  the  total  trip  time. 

The  Bureau  of  Public  Roads  has  made  ex- 
tensive use  of  these  instruments  to  determine 
how  these  vehicle  characteristics  for  a  typical 
passenger  car  are  related  to  various  types  of 
highway  operations.  A  representative  pas- 
senger car  was  operated  some  28,000  miles  on 
nine  distinct  studies  during  1951  and  1952. 
Five  of  the  nine  studies  dealt  with  operations 
over  a  freeway  and  over  a  parallel  major 
highway.  The  other  studies  were  of  a  spe- 
cial nature  made  to  evaluate  the  effect  of 
traffic  signals,  sight  distance,  grade  separa- 
tion, and  traffic  congestion  on  the  vehicle 
operational  characteristics. 
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This  report  is  concerned  essentially  with 
the  results  of  the  studies  which  involved  free- 
way operation.  However,  it  covers  briefly  the 
studies  of  a  special  nature,  and  includes  the 
results  of  special  tests  made  to  determine  the 
fuel  consumption  and  accelerating  character- 
istics of  the  test  vehicle  on  individual  grades. 
The  results  reported  here  supplement  those 
obtained  by  other  investigators  with  the  same 
set  of  instruments. 

Although  the  basic  data  should  have  use  in 
the  fields  of  highway  economies  and  design 
and  within  certain  areas  of  automotive  engi- 
neering, it  is  cautioned  that  the  data  rep- 
resent only  the  performance  of  one  1951  model 
passenger  car  operated  by  the  same  driver 
throughout  the  tests.  It  may  be  farfetched 
to  consider  the  performance  data  as  repre- 
sentative of  the  average  performance  of  pas- 
senger cars  operating  in  the  general  traffic. 
On  the  other  hand,  it  is  believed  that  the 
performance  of  the  test  car  on  highway  sec- 
tions of  varying  geometric  design  may  be 
compared  to  establish  a  relation  which  will  be 
fairly  representative  of  the  relative  perform- 
ance of  the  average  passenger  car.  Also,  the 
relations  established  between  fuel  consump- 
tion, speed,  and  other  variables  may  be  reli- 
ably used  to  determine  the  relative  advantages 
of  various  methods  of  reducing  grades  and 
estimating  the  fuel  consumed  on  a  given 
highway  section. 


Terminology 

In  order  that  there  be  a  clear  understand- 
ing of  the  discussions  in  this  report,  terms 
frequently  used  are  here  defined. 

Freeway. — A  divided  arterial  highway  fur 
through  traffic  with  full  control  of  access  and 
with  grade  separations  at  intersections. 

Major  street  or  major  highway. — Usage 
here  is  limited  to  arterial  highways  with 
intersections  at  grade  and  direct  access  to 
abutting  property,  and  on  which  geometric 
design  and  traffic  control  measures  are  used 
to  expedite  the  safe  movement  of  through 
traffic. 

Overall  travel  time. — The  time  of  travel, 
including  stops  and  delays  except  those  off 
the  traveled  way. 

Overall  travel  speed. — The  speed  over  a  spe- 
cified section  of  highway,  being  the  distance 
divided  by  overall  travel  time.  The  average 
for  all  traffic,  or  component  thereof,  is  the 
summation  of  distance  divided  by  the  sum- 
mation of  overall  travel  times. 

Composite  performance. — The  performance 
in  given  terms  for  a  round  trip  over  a  specified 
section  of  highway.  ( Composite  gasoline  con- 
sumption in  gallons  per  mile  is  the  total  num- 
ber of  gallons  of  gasoline  required  by  a  ve- 
hicle to  travel  in  both  directions  on  a  section 
of  highway,  divided  by  twice  the  length  of 
the  section  in  miles.) 

Directional  p<  rformana  .  —The  perform- 
ance in  given  terms  in  a  single  direction  over 
a  specified  section  of  highway. 

Road-user  benefits. — The  advantages  or 
savings  that  accrue  to  drivers  or  owners 
through  the  use  of  one  highway  facility  as 
compared  with  the  use  of  another.  Bene- 
fits are  measured  in  terms  of  the  decrease  in 
road-user  costs  and  the  increase  in  road- 
user  services. 

Total  rise  mid  fall. — The  arithmetic  sum 
of  tiie  vertical  rise  and  fall  in  feet  for  any 
section  of  highway.  (If  the  section  of  high- 
way progressively  rises  100  feet,  falls  500 
feet,  rises  30  feet,  and  falls  10  feet,  the  total 
rise  and  fall  will  he  (M0  feet.  The  total  rise 
and  fall  is  the  same  regardless  of  the  direc- 
tion of  travel.) 

Rntc  of  rise  and  fall.— The  total  rise  and 
fall  for  any  section  of  highway  divided  by  t lie 
length  of  section  in  hundreds  of  feet,      i  I 
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not  to  be  confused  with  the  percent  of  grade. 
It  is  equivalent  to  the  average  percent  of 
grade  only  when  either  the  rise  or  fall  is 
100  percent  of  the  total  rise  and  fall.) 

Average  test  method. — The  driver  travels 
at  a  speed  which  in  his  opinion  is  representa- 
tive of  the  speed  of  all  traffic  at  the  time, 
without  trying  to  keep  a  balance  in  the  num- 
ber of  passings. 

Attempted  speed  test  method. — The  driver 
attempts  to  maintain  a  specified  speed  over  a 
section  of  highway,  passing  all  vehicles  that 
interfere  with  maintaining  the  specified  speed, 
and  exceeding  the  specified  speed  only  during 
the  passings. 

Maximum  torque. — The  maximum  engine 
torque  at  a  specified  engine  speed  or  corre- 
sponding read  speed. 

Purpose   of   Report 

The  specific  purposes  of  this  report  are  as 
follows :  To  show  some  of  the  road-user  bene- 
fits that  may  result  through  the  use  of  a  free- 
way instead  of  a  parallel  major  highway,  to 
determine  the  extent  to  which  certain  built-in 
vehicle  characteristics  are  used  in  normal 
operation,  to  establish  basic  relations  between 
fuel  consumption  and  highway  gradient,  and 
between  acceleration  and  highway  gradient, 
to  evaluate  several  methods  used  to  estimate 
the  fuel  consumed  on  a  highway  section,  and 
to  determine  the  relative  advantages,  in  terms 
of  fuel  savings,  of  two  methods  commonly 
used  to  reduce  gradients. 

Summary  of  Findings 

The  pertinent  findings  described  here  refer 
specifically  to  the  operations  of  the  test  pas- 
senger car.  Definite  conclusions  as  to  the 
overall  performance  of  passenger  cars  in  the 
general  traffic  cannot  be  formed  from  the 
results  of  tests  on  a  single  passenger  car 
operated  by  the  same  driver  on  all  tests.  Only 
indications  of  the  overall  performance  of  pas- 
senger cars  should  be  read  into  any  of  the 
findings. 

1.  For  each  of  the  five  freeway  studies,  con- 
sidering the  total  lengths,  the  test  car  would 
have  had  to  travel  over  the  freeway  at  a 
slower  speed  than  the  average  overall  travel 
speed  reported  for  all  passenger  cars  using  the 
facility,  in  order  to  realize  the  same  rate  of 
fuel  consumption  as  observed  on  the  parallel 
major  highway.  Therefore,  if  the  test  car 
were  to  maintain  prevailing  overall  travel 
speeds  on  comparable  roads,  the  consumption 
per  mile  would  be  higher  on  each  freeway 
than  on  the  parallel  major  highway. 

2.  Unless  a  major  highway  has  a  much 
greater  rate  of  rise  and  fall  or  is  much  more 
congested  than  a  parallel  freeway,  the  latter 
will  show  a  higher  rate  of  consumption  when 
the  vehicle  is  operated  at  the  average  overall 
travel  speeds  found  on  the  two  roads.  For 
example,  the  consumption  per  mile  at  the 
prevailing  average  overall  travel  speeds  was 
lower  on  the  western  extension  of  the  Penn- 
sylvania Turnpike  than  on  the  highly  urban- 
ized section  of  the  parallel  route  extending 
through  Wilkinsburg  and  Pittsburgh,  Pa. 
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3.  A  sizable  time  savings  resulted  in  each 
case  from  the  use  of  a  freeway,  instead  of  a 
major  highway,  at  the  average  overall  travel 
speeds  found  on  the  two  roads. 

4.  Except  in  one  case,  the  use  of  the  free- 
way instead  of  the  parallel  major  highway 
saved  enough  travel  mileage  to  make  the  fuel 
consumption  in  gallons  approximately  the 
same  for  a  composite  trip  over  either  facility 
when  the  vehicle  was  operated  at  the  average 
overall  travel  speeds  found  on  the  two  roads. 

5.  Where  the  average  overall  travel  speed 
on  a  freeway  was  below  40  miles  per  hour, 
the  use  of  such  facility  instead  of  a  major 
highway  showed  sizable  savings  in  gasoline 
during  the  peak  traffic  periods. 

6.  The  percentage  of  time  spent  in  braking 
was  nearly  zero  on  a  freeway  and  very  small 
on  a  major  highway ;  however,  the  time  spent 
in  braking  on  a  major  highway  was  as  much 
as  34  times  greater  than  that  spent  on  a  free- 
way. The  maximum  rate  of  deceleration  re- 
corded on  any  test  was  about  60  percent  of 
the  potential  rate  of  deceleration  built  into 
the  car. 

7.  Maximum  engine  torque  and  full  throttle 
opening  were  used  only  a  very  small  portion 
of  the  time  on  either  a  freeway  or  a  major 
highway.  Less  than  half  of  the  potential 
torque  and  power  were  normally  utilized  on 
any  test  run.  The  average  engine  torque 
and  throttle  opening  observed  on  a  major 
highway  were  appreciably  less  than  that  ob- 
served on  the  parallel  freeway  at  the  average 
overall  travel  speeds  found  on  the  two  roads. 

8.  The  relations  established  between  fuel 
consumption  and  rate  of  grade,  and  between 
fuel  consumption  and  rate  of  rise  and  fall 
were  very  similar.  In  general,  the  rate  of 
consumption  increases  about  in  direct  pro- 
portion to  the  increase  in  grade  or  rate  of 
rise  and  fall  up  to  6  percent.  Above  6  per- 
cent, the  increase  is  at  a  faster  rate. 

9.  A  reduction  of  grades  exceeding  6  per- 
cent resulted  in  appreciable  savings  in  fuel 
consumption,  whether  or  not  the  reduction 
involved  a  decrease  in  rise  and  fall.  How- 
ever, reduction  of  grades  between  4  and  6 
percent  produced  no  substantial  savings  un- 
less the  grade  reduction  also  reduced  rise 
and  fall.  A  reduction  of  3-  and  4-percent 
grades  did  not  result  in  an  appreciable  sav- 
ings, even  if  rise  and  fall  was  also  reduced. 

10.  The  use  of  the  rate  of  total  rise  and 
fall  of  a  section  of  highway  to  estimate  fuel 
consumption  on  the  section  was  found  to  be 
as  accurate  as  a  more  complicated  method 
that  involved  the  consideration  of  each  indi- 
vidual grade. 

Scope  of  Studies 

Freeway  studies 

In  selecting  the  five  pairs  of  test  routes  for 
studying  some  of  the  road-user  benefits  that 
might  result  from  the  use  of  freeways  by 
passenger  cars,  an  effort  was  made  to  cover 
as  wide  a  range  of  highway  conditions  as 
possible  in  the  Eastern  United  States.  The 
five  freeways  selected  for  study  were  the  New 
Jersey  Turnpike,  the  middle  section  of  the 
Pennsylvania  Turnpike,  the  Maine  Turnpike, 


the  western  section  of  the  Pennsylvania  Turn- 
pike, and  the  Shirley  Memorial  Highway  in 
Virginia.  Only  the  latter  route  was  free  of 
toll.  The  parallel  major  highway  in  each 
instance  was  the  alternate  route  that  would 
be  commonly  used  to  travel  between  the  same 
termini. 

Figures  1  through  5  show  sketches  of  the 
general  layout  of  the  test  routes  for  each 
study  and  the  profiles  for  each  pair  of  routes, 
except  for  the  Maine  Turnpike  study.  These 
profiles  were  plotted  from  elevations  meas- 
ured with  an  altimeter.  Each  of  the  routes, 
except  the  western  section  of  the  Pennsyl- 
vania Turnpike,  was  divided  into  test  sections 
by  control  points  located  at  definite  changes 
in  the  character  of  the  profile  or  traffic  flow. 
The  operating  characteristics  of  the  test 
vehicle,  within  each  section,  were  recorded 
at  these  control  points. 

All  of  the  freeways  were  built  approxi- 
mately to  the  same  design  standards.  The 
maximum  grade  was  not  over  3  percent  in  any 
case,  and  the  rate  of  rise  and  fall  varied  from 
0.8  for  the  New  Jersey  Turnpike  to  1.4  for 
the  two  sections  of  the  Pennsylvania  Turn- 
pike. It  could  be  expected  that  the  test  car 
would  perform  about  the  same  on  each  of  the 
five  freeways. 

In  contrast  each  route  paralleling  a  freeway 
afforded  a  conglomeration  of  surface  types, 
pavement  widths,  curvatures,  and  gradients. 
There  was  also  considerable  variation  in  the 
design  characteristics  between  the  various 
parallel  routes.  The  rates  of  rise  and  fall 
varied  from  0.9  for  the  route  paralleling  the 
New  Jersey  Turnpike  to  3.3  for  the  route 
paralleling  the  middle  Pennsylvania  Turn- 
pike. The  parallel  major  highway  and  the 
turnpike  had  approximately  the  same  rate  of 
rise  and  fall  in  the  case  of  the  New  Jersey 
and  Maine  studies.  The  rates  of  rise  and  fall 
for  the  routes  paralleling  the  middle  and 
western  sections  of  the  Pennsylvania  Turn- 
pike, and  the  Shirley  Memorial  Highway  were 
about  2.4,  1.4,  and  1.3  times  that  for  the 
respective  freeway.  In  addition  to  the  wide 
range  in  the  character  of  the  profiles,  the 
routes  paralleling  the  freeways  differed  ma- 
terially from  each  other  in  other  ways  which 
had  a  bearing  on  the  results  obtained.  This 
can  best  be  brought  out  by  a  brief  description 
of  each  parallel  major  highway. 

Generally,  the  parallel  major  highway  in 
New  Jersey  was  of  four-lane  construction 
with  fair  alinement  except  for  the  southern 
section  between  control  points  1  and  2  (see 
fig.  1).  This  southern  section  was  essentially 
of  two-lane  construction  with  poor  alinement. 
The  test  car  encountered  traffic  congestion 
particularly  on  section  1-2;  within  the  nu- 
merous small  municipalities  that  lie  on  the 
route  from  control  points  1  to  6;  on  the  by- 
pass around  Camden  in  section  2-3;  and  on 
parts  of  the  sections  between  control  points 
6  and  10  where  the  route  passed  through  a 
highly  urbanized  area.  The  congestion  was 
most  severe  from  control  points  8  to  10,  which 
extend  from  the  eastera  approach  of  the 
Pulaski  Skyway  to  the  George  Washington 
Bridge. 
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Figure  3. — Sketch  of  the  Maine  Turnpike  and  U.  S.  1. 


In  Maine,  the  parallel  route  was  a  two-lane 
highway  with  rather  poor  alinement  except 
for  a  short  section  near  Portland.  The  test 
car  was  frequently  slowed  by  passage  through 
municipalities  varying  in  population  from 
a  few  hundred  to  over  20,000. 

The  route  paralleling  the  middle  section 
of  the  Pennsylvania  Turnpike  generally  con- 
sisted of  two  lanes  varying  in  individual 
width  from  9  to  12  feet.  Only  a  small  mile- 
age had  lanes  wider  than  10  feet.  Narrow 
shoulders,  sharp  curves,  and  restricted  sight 
distances  were  the  rule.  The  greater  portion 
of  the  route  had  a  bituminous  surface  with 
high  crown  prevailing  in  many  sections.  The 
operation  over  this  route  may  be  classed  as 
strictly  rural,  since  there  are  only  six  towns 
of  any  size,  the  largest  of  which  was  about 
17,000  population.  Traffic  congestion  was 
only  a  minor  factor  in  the  test  runs  on  this 
route.  The  important  factors  with  respect  to 
passenger  car  operations  were  gradient  and 
poor  alinement. 

The  western  portion  of  the  Pennsylvania 
Turnpike  bypasses  Wilkinsburg,  Pittsburgh, 
and  an  almost  continuous  string  of  munici- 
palities which  dot  the  north  bank  of  the  Ohio 
River  between  Pittsburgh  and  Rochester. 
The  parallel  major  highway  was  principally 
urban  for  about  70  percent  of  its  length. 

In  Virginia,  U.  S.  1  parallels  the  Shirley 
Memorial  Highway  and  passes  through  Alex- 
andria and  its  environs  which  constitute  over 
30  percent  of  the  test  route.  Restricted  speed 
zones  also  exist  through  areas  of  heavy  road- 
side development  and  through  a  military  res- 
ervation. Actually  more  than  50  percent  of 
the  route  is  zoned  for  a  maximum  speed  of 
35  miles  per  hour  or  less.  This  route  in  the 
rural  areas  is  a  four-lane  highway  with  fair 
alinement. 

Special  studies 

One  of  the  four  special  studies  was  made 
to  supplement  data  previously  obtained  by 
tests  of  vehicle  performance  on  an  old  road 
and  subsequently  on  a  complete  relocation 
of  improved  alinement  between  a  junction 
near  Frederick  and  the  city  limits  of  Hagers- 
town,  Md.  The  sketch  and  profiles  of  the  two 
test  routes  are  shown  in  figure  6.  In  length 
and  rise  and  fall,  there  is  little  to  choose  be- 
tween the  two  locations.  The  rates  of  rise 
and  fall  were  3.7  for  the  new  road  and  4.1 
for  the  old  road,  the  highest  rates  of  all  the 
test  routes.     Moreover,  on  each  road  grades 

1S2 


range  as  steep  as  S  percent,  and  on  each, 
heavy  grades  run  a  mile  or  more  in  length. 
The  big  difference  between  the  two  roads 
lies  in  the  percentage  of  the  total  lengths 
that  permit  passing.  On  the  old  road  49.3 
percent  in  one  direction  and  45.6  percent  in 
the  other,  or  nearly  half  of  the  total  length, 
was  marked  for  no  passing.  On  the  new 
road  only  12.2  percent  of  the  length  in  one 
direction  and  11.6  percent  in  the  other  would 
not  permit  safe  passing. 

Another  special  study  involved  two  possible 
routes  between  two  bridges  across  the  Poto- 
mac River  at  Washington,  D.  C,  and  Annan- 
dale,  A'a.  (see  fig.  7).  This  study  was  made 
primarily  to  obtain  average  running  times  of 
passenger  cars  for  use  in  a  study  of  the  effect 
of  travel  time  and  distance  on  freeway  usage.1 
However,  while  the  running  times  were  being 
observed  the  other  vehicle  characteristics 
were  also  studied.  The  first  leg  of  each  route 
was  identical,  being  a  rather  low-speed  free- 
way operation  (posted  limit  of  40  miles  per 
hour)  on  the  Pentagon  network.  One  of  the 
routes  followed  Columbia  Pike  to  Annandale, 
on  which  there  were  numerous  intersections 
at  grade,  and  on  which  there  was  heavy  traffic 
congestion  during  the  morning  and  evening 
peaks.  The  other  route,  included  a  section  of 
the  Shirley  Memorial  Highway  and  Virginia 
State  Route  236.  About  two-thirds  of  the 
latter  route  was  a  freeway  as  compared  to 
about  one-fourth  of  the  route  to  Annandale 
by  way  of  Columbia  Pike. 

A  third  study  was  made  for  the  Regional 
Highway  Planning  Committee  for  Metropoli- 
tan Washington  to  aid  in  determining  the 
need  for  constructing  an  interchange  ramp  at 
14th  Street,  SW.,  and  Maine  Avenue  in  Wash- 
ington, D.  C,  which  would  eliminate  an  at- 
grade  intersection  for  traffic  desiring  to  make 
a  left  turn  from  Maine  Avenue  into  14th 
Street.  A  grade  separation  had  been  built  at 
this  location,  but  the  one  intersection  leg  was 
retained  at  grade  because  the  ramp  had  to 
pass  through  a  corner  of  the  Bureau  of  En- 
graving and  Printing  Building.  Only  travel 
time  and  fuel  consumption  were  measured  on 
this  study  during  both  the  peak  and  off-peak 
traffic  periods. 

The  fourth  special  study  was  made  on  a 
2-mile  section  of  Columbia  Pike  between  4- 
Mile  Run  Drive  and  Scott  Street  as  indicated 


1  The  effect  of  travel  time  and  distance  on  freeway 
usage,  by  Darel  L.  Trueblood.  Public  Roads,  vol. 
2G.  No.  12.  Feb.  1952. 


in  figure  7.    Tests  were  made  during  peak  a 
off-peak  periods  when  there  were  2  traffic  lij 
installations,    and    then    repeated    when 
additional   traffic-actuated  signals  had  b< 
installed  within  the  same  section. 

Special  tests 

In  addition  to  the  freeway  and  spec 
studies  that  have  just  been  described,  te 
were  made  to  determine  the  fuel  consumpti 
and  accelerating  ability  of  the  test  car 
individual  grades  of  0.0,  2.84,  6.0,  and  8.0  r 
cent.  The  grades  were  1.00,  0.40,  0.284  a 
0.50  miles  in  length,  respectively.  All  of  th< 
grades  were  at  elevations  of  900  feet  or  le 
and  all  except  the  8.0-percent  grade  were  si 
faced  with  portland  cement  concrete.  T 
8-percent  grade  was  paved  with  a  high-ty 
bituminous  concrete. 


Test  Procedure 
Freeway  and  special  studies 

The  instruments  installed  in  the  test  a 
were  described  in  detail  in  a  previous  repoij 
For  that  reason,  this  report  will  consider  ok 
the  type  of  information  collected  and  t 
procedures  employed. 

A  typical  field  data  sheet  is  shown  in  f 
ure   8  for   the  southernmost  section   of  t 
major  highway  paralleling  the  New  Jers 
Turnpike.     The    recording    apparatus     co 
sisted  of  five  banks  of  10  counters  each. 
electric   clock,   and  a   master   time  count 
These  counters  were  actually  arranged  in  t 
same  pattern  as  the  field  data  sheet.     Ea 
count  represented  one  second  on  the  banks 
counters  for  speed,   braking,  engine  torqi 
and  throttle  opening;  and  one-thousandth 
a  gallon  on  the  bank  of  counters  for  gasolii 
consumption.     Each  counter  of  a  bank  repr 
sented  a  class  interval  of  the  particular  ite 
being  studied.     The  units  of  the  class  inte 
vals  were  miles  per  hour  for  speed  and  gas 
line  consumption,  feet  per  second  per  secoii 
for  braking,  and  percent  for  engine  torque  ar 
throttle    opening.    The    range   in    the    cla 
intervals  for  each  bank  of  counters  is  show 
in  figure  8. 

The  time  read  from  the  electric  clock  wj 
used  to  check  the  proper  functioning  of  ti 
master  counter,  and  in  turn,  the  time  ind 


-A  study  of  vehicle,  roadway,  and.  traffic  relation 
ships  by  means  of  statistical  instruments  by  Thonu 
J.  Carmichael  and  Charles  E.  Haley.  Proceeding 
of  the  Highway  Research  Board,  vol.  30,  1950,  p] 
282-296. 
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cated  by  the  master  counter  was  used  to 
ascertain  that  all  counters  of  a  given  bank 
were  functioning  properly.  It  is  seen  that 
the  total  time  counts  shown  opposite  the 
counter  banks  checked  very  closely  with  the 
master  time  counter.  Likewise,  the  trip  time 
from  the  electric  clock  compares  closely  with 
that  of  the  master  counter.  As  indicated  in 
figure  8,  the  end  results  were  an  average  rate 
of  speed  and  gasoline  consumption,  percentage 
of  time  spent  in  each  range  of  speed,  decelera- 
tion, percentage  of  maximum  torque  and  full 
throttle  opening,  and  percentage  of  gasoline 


used  in  the  various  speed  ranges.  The  time 
recorded  on  the  master  time  counter  was  used 
to  compute  the  average  speed. 

Engine  torque  was  not  directly  recorded, 
instead  it  was  assumed  to  be  proportional  to 
the  pressure  existing  in  the  intake  manifold. 
The  intake  manifold  vacuum  instrument  con- 
sisted of  a  metal  bellows  to  which  was  at- 
tached a  calibrated  spring  and  a  swing  arm 
that  passed  over  a  sector  divided  into  contact 
segments  representing  ranges  in  vacuum. 
These  ranges  in  vacuum  were  assigned 
engine  torque  values  in  percentage  of  maxi- 


mum torque,  as  shown  in  figure  8.  The 
maximum  torque  referred  to  in  this  instance 
roughly  approximates  the  maximum  for  the 
engine  speed  or  corresponding  road  speed  at 
the  instant  of  recording.  It  is  not  to  be 
confused  with  the  peak  engine  torque.  The 
percentage  values  can  be  converted  roughly 
to  pound-feet  of  torque  or  pounds  of  tractive 
effort  by  assuming  an  average  maximum 
torque  for  the  entire  range  of  engine  speed 
involved. 

The  average  test  method  was  used  when 
the  traffic  volume  was  dense  enough  for  the 


Test  lo.        B-Run  2 

*»*•  tT.  S.  130.  1  and  9.  Malor  highway  parallel  to  Nbv  Jersey  Ti,r™iv« 


Date   October  23.  1961 


Beoarks 


Section  1-2.   Northbound 


Debater  to  ThnrnfnrR.  n.  s.  no  Wnrg  »ranin/>  nr  ts.^v^ 


Counter  Ho. 


Speed,  HPH 


JloisJL. 


Start 


Difference 
\   Total 


0-5 


3634Q 


76335 


14 


-0*Z_ 


6-8 


jfiZZi 


"3777 


J=1L 


2272k 


22720 


0.2 


SPUD 


12-18 


"77671 


^9-23 


il£S2_ 


3±2L 


■526SQ 


_21_ 


1,0 


63031 


_51_ 


1A. 


3(611 


•»"<* 


719 


34.1 


36-46 


22252. 


2122L 


-352- 


±uL 


"7-56 


laaas. 


18^7 


_34fl. 


16.5 


57-68 


M3JL 


MmL. 


10 


69  *  up 


070.78 


0707P 


Total 
counts 


21101 


GaSOLIHI  consumption 


Counter  Ho. 


Speed.   MPB 


riniBh 


stwV 


Difference 
ft  Total 


0-5 


33046 


33045 


0.1 


6-8 


^290 


49290 


9-11 


52812 


59816 


0.1 


12-18 


?2727 


92723 


°iL 


19-23 


60401 


60384 


_12_ 


1A. 


24-35 


4on6 


39833 


■3oa 


26.2 


36-46 


.22220. 


98752 


546 


_4Li_ 


47-56 


00050 


99769 


_2Si_ 


2^.3 


57-68 


5232SL 


il22p_ 


10 


69  A  up 


(0729 


01729 


Total 
counts 


nm 


BRAKIH0 


Counter  Ho. 


Deceleration 


yinlah 


Start 


Difference 
ft  Total 


0-3 


74418 


72309 


2109 


??-3 


4-7 


29629 


296IU 


JL5_ 


0.7 


8-10 


06203 


06203 


11-13 


02380 


02380 


14-16 


02206 


02206 


17-19 


025**2 


0254? 


20-23 


02141 


pati. 


24-26 


06856 


06^6 


27-29 


85677 


A6677 


10 


30  A  up 


03153 


£Qli&_ 


n 


Total 
counts 


12124 


HGIS1  TQEQU1 


Counter  Ho. 


ft  Torque 


rinlah 


Start 


Difference 


ft  Total 


Coast 


77642 


77588 


.5JL 


2.5 


0-10 


79928 


79679 


249 


11.4 


11-21 


19508 


191P3 


_4fi5_ 


18.5 


22-32 


14947 


33-43 


27422 


14?6?      I   26790 


JS0_ 


2^1. 


JA2- 


28.9 


44-55 


41757 


4163Q 


-122- 


A£. 


56-66 


25848 


25776 


-22. 


J*3_ 


67-77 


21789 


2124J- 


Jta_ 


-2*2_ 


78-88 


1*3770 


4^761 


JL2. 


10 


89-100 


08527 


nfl.526 


Total 
counts 


I  2187  I 


THROTTLE  CFSNIHO 


Counter  Ho. 
ft  Opening 


finish 


Start 


Difference 


ft  Total 


0-9 


UU203 


44164 


J2_ 


1.8 


10-19 


84569 


83742 


827 


38.6 


20-29 


82488 


81669 


819 


38.2 


30-39 


98040 


Q7610 


430 


20.1 


l»0-49 


41216 


4U89 


27 


J^L 


50-59 


31988 


319R8. 


6O-69 


26359 


26359 


8 


70-79 


23185 


23135- 


80-89 


29305 


10 


90-100 


4^46,5 


29305 


itft*6.6 


Total 
counts 


I  2142  \ 


ODOKBTia 

Tlnlsh       8367.45 

Start         8345.20 

TrlD  Mlleaee 

22.25 

CLOCK 

Tlnlsh          5:62  P.M. 

Start            6:17  P.M. 

Trip  Tine  (Seconds) 

2100 

■ASTIR  OOOHTB 


Jlalsk. 


15014 


ftv\ 


12891 


Total  Counts (Seconds) 


2123 


Trip  ATerage  Speed    37.7 


MPS 


Trip  Arerage  Oas  Consumption     19.3  MPO 


1/     Less  than  0.05ft 


Figure  8.— A  typical  field  data  sheet  used  in  recording  information  on  vehicle  operating  characteristics. 
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Table    1. — Horsepower  and   torque   data   of 
test  car  * 


Road  speed  in  third  gear 

Maximum 
gross  horse- 
power 

Maximum 
gross 
torque 

M.p.  h. 
20         

34 

44 
54 
63 
72 
85 
94 
96 
91 

Lb.lft. 
185 
191 
191 
189 
186 
178 
163 
143 
119 

25                    ...     

30                       

35          

40    

50              

60               

70  .-     

80    -   -- --- 

AVERAGE 
MAXIMUM 
MINIMUM 


APR.  1951    THRU  SEPT.  1952 
(2,500-34,235  MILES) 


A  13  APR.  1951  -  I  ,392 
O  I  I  AUG.  1953  -  43,870 
Q      31   AUG.  1953  -  44,482 


10 


20  30  40  50 

SPEED-MILES     PER    HOUR 


60 


70 


Figure  9. — Fuel  calibration  of  test  car  in  third  gear  with  burette  on  a  1-mile 
level  section  for  various  sustained  speeds. 


'  Taken  from  curves  in  Manufacturer's  Shop  Manual. 

Memorial  Highway.  Test  runs  were  made 
in  both  directions  over  the  section  at  speeds 
of  15,  20,  25,  30,  40,  50,  and  60  miles  per 
hour. 

The  results  of  13  such  calibration  tests  are 
shown  in  figure  9.  The  average  consumption 
rates  in  miles  per  gallon,  between  April  1951 
and  September  1952  when  the  odometer  read- 
ings ranged  from  2,500  to  34,235  miles,  are 
shown  by  the  smooth  curve.  The  variation 
in  rates  of  consumption  from  the  average 
during  this  period  is  indicated  by  the  max- 
imum and  minimum  values,  each  of  which 
is  connected  by  a  series  of  straight  lines. 
The  percentage  of  variation  from  the  aver- 
age ranged  from  1.4  to  6.2  percent.  In  view 
of   this   rather   small   variation,   which   was 


driver  to  reliably  approximate  the  speed  of 
all  traffic  at  a  given  instant.  Where  the  aver- 
age test  method  was  not  feasible,  test  runs 
were  made  on  a  particular  section  at  three 
or  more  attempted  speeds  so  that  the  rate 
of  fuel  consumption  could  be  interpolated  for 
an  average  overall  travel  speed  of  all  pas- 
senger cars  obtained  from  other  sources. 
Attempted  speeds  greater  than  60  miles  per 
hour  were  not  possible,  because  the  fuelmeter 
did  not  have  sufficient  volume  to  supply  the 
flow  of  fuel  required  to  negotiate  existing 
grades  at  higher  speeds. 

Three  test  runs  were  made  over  each  test 
route  in  each  direction  at  each  attempted 
speed  for  all  except  two  of  the  studies.  For 
the  intersection  study  at  Maine  Avenue  and 
14th  Street,  Washington,  D.  C,  12  test  runs 
were  made  in  the  off-peak  period  and  26  test 
runs  in  the  peak  period.  For  the  traffic  light 
study  on  Columbia  Pike  (see  fig.  7),  4  and 
16  test  runs  were  made  before  the  installation 
of  additional  traffic  lights  during  the  off- 
peak  and  peak  periods,  respectively.  After 
the  installation,  6  and  18  test  runs  were  made 
during  the  off-peak  and  peak  periods,  respec- 
tively. The  test  runs  were  scheduled  so  that 
a  particular  test  section  or  route  would  be 
traveled  at  different  times  during  the  period 
of  study. 

Fuel  calibration 

In  order  to  maintain  the  fuel  characteris- 
tics of  the  test  car  at  approximately  the  same 
level  throughout  the  period  of  the  study, 
calibration  tests  were  conducted  before  and 
after  most  of  the  studies.  The  fuel  consump- 
tion of  the  test  car  was  checked  with  a  burette 
on  a   measured  mile  located  on  the  Shirley 
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Figure  10. — Calibration  of  fuelmeter  with  a  burette  on  a  1-mile  level  sec- 
tion for  various  sustained  speeds  during  period,  Apr.  1951-52. 
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Table  2. — Summary  of  average  composite  performance  of  test  vehicle 


on  various  routes 


Type  of  facility ' 


1A    Freeway . 


IB    Major  high- 
way. 

2 A    Freeway... 


2B    Major  high- 
way. 

2C    Major  high- 
way. 

3A    Freeway 


3B    Major  high- 
way. 

4A    Freeway 


4B    Major  high- 
way. 


5A    Freeway 


5B    Major  high- 
way. 

5C    Major  high- 
way. 


6A    Major  high- 
way. 


6B    Major  high- 
way. 

7A    Freeway 


7B    Major  high- 
way. 

7C    Freeway 


7D    Major  high- 
way. 

8  Major   street 

9  Major    high- 

way 


Test  route 


Delaware  Memorial  Bridge  to 
George  Washington  Bridge  via 
New  Jersey  Turnpike. 

Delaware  Memorial  Bridge  to 
George  Washington  Bridge  via 
U.  S.  130,  1,  and  9. 

Carlisle  interchange  to  New 
Stanton  interchange  via  Penn- 
sylvania Turnpike. 

Carlisle  to  Greensburg,  Pa.,  via 
U.  S.  11  and  30  (including 
larger  towns). 

Carlisle  to  Greensburg,  Pa.,  via 
U.  S.  11  and  30  (excluding 
larger  towns). 

Kittery  to  Portland,  Maine,  via 
Maine  Turnpike. 


Kittery  to  Portland,  Maine,  via 
U.  S.  1. 

Pittsburgh  interchange  to  Ohio 
State  line  via  Pennsylvania 
Turnpike. 


Pittsburgh  interchange  to  Ohio 
State  line  via  U.  S.  22,  Pa.  19 
(alternate),  88,  and  51  (through 
Pittsburgh). 


Washington,  D.  C,  (Highway 
Bridge)  to  Woodbridge,  Va., 
via  Shirley  Memorial  Highway. 


Washington,  D.  C,  (Highway 
Bridge)  to  Woodbridge,  Va., 
via  U.  S.  1. 

Washington,  D.  C,  (Highway 
Bridge)  to  Woodbridge,  Va., 
via  Mount  Vernon  Blvd.  and 
U.  S.  1. 

Frederick  to  Hagerstown,  Md., 
via  new  U.  S.  40. 


Frederick  to  Hagerstown, 
via  old  U.  S.  40. 


Md., 


Washington,  D.  C,  (Highway 
Bridge)  to  Annandale,  Va.,  via 
Shirley  Memorial  Highway. 

Washington,  D.  C,  (Highway 
Bridge)  to  Annandale,  Va.,  via 
Columbia  Pike. 

Washington,  D.  C.  (Memorial 
Bridge),  to  Annandale,  Va.,  via 
Shirley  Memorial  Highway 

Washington,  D.  C,  (Memorial 
Bridge)  to  Annandale,  Va.,  via 
Columbia  Pike 

Washington,  D.  C,  (1301  Maine 
Ave.)  to  Inlet  Bridge 

Arlington,  Va.,  (Columbia  Pike 
from  4-mile  Run  Drive  to 
Washington  Blvd.  underpass) 


Date  of 

tests 


Apr.  1952. 


Oct.  1951. 
Apr.  1952. 


(') 

(') 

June  1952. 

....do 


..do 


Aug.  1952. 


....do.... 
-..do.... 

July  1952- 


Oct.  1952. 


Dec.  1951.. 
....do— - 

.-.do 

July  1952.. 
Oct.  1952.- 
July  1952. . 

Dec.  1951 .. 
Mar.  1954. 

do 

.-..do 

....do 

....do 

Dec.  1951 .. 

do 

....do-.- 


....do.... 
....do... . 
.....  do... . 


July  1951.. 

do... . 

Sept.  1952. 
July  1951.. 
Aug.  1952. 
Sept.  1952. 
July  1951- 
Sept.  1952. 

July  1951.. 


...do. 
_..do- 


....do. 
....do. 


...do. 
...do- 


_..do. ... 
...do— . 


Oct.  1951- 
do 

Apr.  1952.. 

do 

Aug.  1952. 
do 


Period  of 
study  s 


8  a.  m.-6  p.  m 


-do. 
.do. 


.do 

.do 

.do 

.do 


.do. 


do. 


Weekday 

Weekend 

8  a.  m.-6  p.  m 
...-do 


....do— 
...do... 
____do— _ 
....do.... 
....do... . 
—  . do- 
Off-peak . 
.-.do.— 

do.... 

do.... 

do— 

do... . 

...-do— . 

.....  do— 
....do— 


do— 

..._do— 
do... 


a.  m.-6  p.  m 

...do- 

...do 

...do 

...do 

...do. 

...do 

...do 

...do. 


Peak... 

Off-peak 

Peak 

Off-peak 

Peak 

Off-peak 

Peak 

Off-peak 

Peak 

Off-peak 

Peak 

Off-peak 

Peak 

Off-peak 


length 

of 
route 


Allies 
116.3 


148.7 


140.3 

41.8 

43.8 
55.2 


58.5 
»  (17.6) 
'  (40.  9) 
MO.  9 
'40.9 
»  12.9 

•18.4 


20.3 
'0(6.0) 
•(14.3) 

20.4 
i°(6.1) 
9(14.3) 


21.0 


21.5 
10.3 

9.4 

10.5 

9.7 

0.23 
2.00 


Rise 
and 
fall 


Ft.1100 
ft. 
0.8 


.9 


1.4 


3.3 


1.3 
1.4 


2.0 
1.9 
2.1 
2.1 
2.1 
2.7 

1.3 

"Li 


1.7 
1.0 
1.9 

1.7 
1.0 
1.9 


3.7 


4.1 

1.8 

2.4 

1.8 

2.4 

0.2 
3.1 


Speed 


At- 
tempted 


M.  p.  A. 
40 
50 
60 

(«) 

(*) 


40 
50 
60 

30 
40 
50 

30 
40 
50 

40 
50 
00 

(•) 

(<) 

40 
50 
60 
40 
50 
60 

(<) 

w 
m 
m 

(») 
w 

0) 

« 

30 
40 
50 

55 

(«) 
0) 
(') 

(') 
(<) 

(<) 


30 
40 
40 
50 
60 
50 
60 
60 

(") 


(') 
(<) 


(<) 

m 


0) 


(<) 


m 
m 

m 

<<> 
m 
m 


M.  p.  ft, 
39.4 
48.6 
58.1 

38.3 

40.7 


40.2 
49.0 
57.1 

30.6 
38.0 
42.7 

31.6 
40.3 
46.0 

39.8 
49.0 
58.8 

36.4 
35.1 

40.3 
49.8 
58.8 
39.9 
49.9 
58.8 

26.4 
35.8 
23.8 
25.9 
25.1 
18.3 

49.8 
50.9 
30.8 
40.6 
49.5 
53.2 

33.8 
23.6 
40.7 

36.4 

28.8 
40.7 


32.3 
40.9 
39.6 
49.4 
48.5 
47.7 
53.4 
54.6 

35.9 


40.0 
43.9 


26.6 
33.1 


41.0 
45.3 


26.5 
34.3 


18.4 

21.4 
26.1 
21.5 
24.9 


Fuel 
con- 
sump- 
tion 
(cor- 
rected) 


M.  p.  g 
18.6 
17.2 
15.4 

17.4 
17.2 


18.8 
16.8 
15.1 

17.6 
16.6 
15.6 

17.5 
16.5 
15.5 

19.3 
16.5 
14.9 

17.9 
17.7 

19.0 
17.4 
15.7 
19.1 
17.1 
15.6 

16.7 
18.2 
16.2 
16.7 
16.6 
14.9 

17.9 
17.2 
21.1 
19.6 
17.9 
16.8 

18.9 
18.1 
19.2 

18.8 
17.7 
19.2 


18.5 
17.5 
17.5 
16.2 
15.8 
16.0 
14.8 
14.6 

16.6 


16.4 
17.7 


15.4 
17.8 


16.4 
17.7 


15.4 
17.4 


9.6 
13.1 

13.3 
16.3 
14.2 
14.6 


Braking 


Percent  time 


0-3 
ft./sec.» 


Percent 

100.0 

100.0 


98.1 
98.2 


100.0 
99.9 
99.7 

99.4 
99.0 
97.6 


99.7 


97.9 
99.5 

98.7 
97.3 
99.5 


100.0 
100.0 
99.1 
99.7 


99.2 


97.5 
98.2 


99.7 
98.6 


97.3 
98.6 


Over  3 

ft./sec.» 


Percent 
<*) 

m 

0.1 

1.9 
1.8 


(3) 
.1 
.3 

.6 
1.0 
2.4 


.:•; 


l.i 

2.1 
.5 

1.3 

2.7 
.5 


(') 

0 
.1 
.3 

"".3 
.4 
1.2 


2.5 
1.8 


.3 

1.4 


2.7 
1.4 


Maxi- 
mum 
decel- 
eration 


Ft./sec- 
8-10 
8-10 
11-13 

14-16 

14-16 


11-13 
8-10 
11-13 

11-13 
11-13 
14-16 


8-10 


11-13 
11-13 
8-10 

11-13 
11-13 
8-10 


4-7 
0-3 

4-7 
27-29 

"fMO 
8-10 
8-10 


8-10 
4-7 


8-10 
8-10 


4-7 
8-10 


1 1-13 
11-13 


Time 
factor 


Sec/100 
mi. 
2.6 
2.4 
5.3 

181.2 
159.0 


2.7 
7.6 
18.5 

70.5 
93.5 


19.7 


120.7 

318.8 

43.4 

127.0 
335.8 
43.4 


1.2 

0 

7.2 

22.8 

21.6 
28.7 
79.1 

82.4 


120.8 
38.7 


315.  3 
219.1 


28.5 
114.0 


30U.  9 
149.9 


Average 
engine 
torque 


Percent 
29.0 
33.8 
45.4 

31.4 
34.8 


27.0 
33.5 
42.6 

30.2 
32.6 
36.3 


38.8 


31.0 
28.7 
32.7 

31.8 

30.3 
32.7 


20.8 
30.3 

"34.Y 
"41.6 

29.9 


31.4 
33.8 


29.3 
28.5 


29.9 
35.1 


30.0 
29.1 


Average 
throttle 
opening 


Percent 
17.1 
21.1 
34.1 

25.7 
20.3 


14.7 
17.8 
31.3 


247 


17.7 
12.4 
21.2 

20.6 
17.1 
21.2 


23.1 
26.2 

"29.4 
33.9 
20.7 


26.2 

28.8 


20.1 
20.4 


26.  2 
29.6 


19.5 
22.5 


1  For  comparison,  facilities  are  numbered  to  indicate  freeways  and  major  parallel  highways. 

*  A  minimum  of  3  round  trips  was  made  over  each  test  route  spaced  to  cover  the  period 
indicated. 

3  Less  than  0.05  percent. 

*  Average  test  method  used. 

5 1  test  run  in  December  1951  and  2  test  runs  in  June  1952. 

*  Rural  traffic  conditions. 


7  Urban  traffic  conditions. 

s  Through  Wilkinsburg  and  Pittsburgh,  Pa. 

•  Speed  limit  posted  at  40  m.  p.  h.  for  1.9  miles,  50  m.  p.  h.  for  2.4  miles,  and  55  m.  p.  n.  for 
14.1  miles. 

10  Through  Alexandria,  Va. 

"  Attempted  to  drive  average  speed  (33.6  in.  p.  h.)  for  passenger  cars  observed  before  open- 
ing of  new  U.  S.  40. 
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NEW    JERSEY   TURNPIKE 

VS 

U.S. 130,  I,  AND  9 


MAINE    TURNPIKE 

VS 

U.S.I 


MIDDLE   PENNSYLVANIA  TURNPIKE 

VS 

U.S.  II  AND   30 


Figure  11. — Fuel  consumption  and  speed  of  test  ear  on  freeways  compared  with  that  on  parallel  major  rural  highways. 


obtained  by  frequent  engine  tune-ups,  no  at- 
tempt was  made  to  correct  the  results  for 
changing  fuel-consumption  characteristics. 
The  triangular  shaped  points  are  the  rates 
of  consumption  observed  before  the  start  of 
the  project  when  there  were  1,392  miles  on  the 
udometer  and  the  engine  was  apparently 
either  not  properly  "broken-in"  or  tuned. 

In  the  fall  of  1953,  about  one  year  after 
the  completion  of  the  freeway  and  special 
studies,  it  was  planned  to  make  some  special 
grade  tests  witli  the  same  passenger  car. 
Tlie  vehicle  was  calibrated  at  that  time,  and 
the  rates  of  consumption,  indicated  by  the 
circular  points  in  figure  9,  were  found  to  be 
less  than  tlie  minimum  rates  observed  for  the 
previous  period  of  tests.  For  this  reason, 
the  engine  was  given  a  tune-up  that  included 
the  replacement  of  spark  plugs,  and  overhaul 
of  carburetor  and  distributor.  The  rates 
of  consumption  observed  after  this  tune-up, 
indicated  in  figure  9  by  the  square-shaped 
symbols,  fell  generally  on  or  above  the  average 
curve  and  well  within  the  band  created  by 
the  maximum  and  minimum  lines. 
Calibration  of  instruments 

The  accuracy  of  the  instruments  for  mea- 
suring deceleration,  throttle  opening,  and  in- 
take manifold  vacuum  was  checked  only  a  few 

Figure  12  (Right). — Fuel  consumption  and 
speed  on  freeways  compared  with  that  on 
parallel  major  streets  and  highways.  A 
sizable  percentage  of  the  latter  mileage  is 
in  urban  areas. 
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Figure  13.— Time  distribution  by  speed  groups  for  the  New  Jersey 
Turnpike  and  parallel  major  highway. 


Figure  14. — Time  distribution  by  speed  groups  for  the  western 
Pennsylvania  Turnpike  and  parallel  major  highway. 


times  during  the  entire  series  of  studies. 
However,  the  speedometer  was  calibrated 
frequently  against  the  test  car  speedometer 
which  in  turn  had  been  calibrated  with  an 
accurate  speedometer  actuated  by  a  test 
wheel.  It  was  found  that  the  class  intervals 
originally  established  for  a  given  bank  of 
counters  did  not  vary  appreciably  during  the 
ttests. 

The  volumetric  fuelmeter,  which  was  of  the 
positive  displacement  type,  was  calibrated  in 
conjunction  with  the  fuel  calibration  of  the 
test  vehicle  before  and  after  most  of  the 
studies.  The  results  of  the  calibration  tests, 
made  with  a  burette  that  could  be  read  to  the 
nearest  cubic  centimeter,  are  shown  in  figure 
10.  These  tests  were  conducted  on  a  one- 
mile  level  section  of  highway  at  the  indicated 
speeds.  A  plus  error  indicates  that  the  fuel- 
meter  reading  in  gallons  was  less  than  the 
true  consumption.  Of  course,  the  opposite 
was  true  for  a  negative  error. 

Since  speed  is  proportional  to  the  rate  of 
flow,  it  is  evident  in  figure  10  that  the  fuel- 
meter  did  not  give  the  same  accuracy  for 
all  rates  of  flow.  The  fuelmeter  was  pur- 
posely adjusted  to  give  the  higher  degree  of 
accuracy  for  flow  rates  comparable  to  those 
for  sustained  speeds  of  30  miles  per  hour  or 
more,  because  rates  of  flow  in  that  range  were 
normally  required.  The  average  error  was 
decidedly  on  the  plus  side  for  the  lower  flow 
rates  and  slightly  on  the  negative  side  for  the 
higher  flow  rates ;  it  increased  at  a  fast  rate 
as  the  flow  decreased  below  the  flow  rates 
comparable  to  speeds  of  30  miles  per  hour 
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or  less.     The  fuelmeter  reading  will  result       ates  at  or  near  idle  speed  for  an  appreciable 

in  a  rate  of  consumption  that  is  considerably       portion  of  the  total  running  time. 

lower  than  the  true  rate,  if  the  engine  oper-  The  results  of  the  calibration   tests   were 
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used  to  correct  the  observed  rates  of  con- 
sumption to  a  common  base,  if  it  could  be 
determined  that  the  flow  rates  were  con- 
sistently high.  Correction  factors  could  not 
he  developed  for  those  tests  with  considerable 
low-speed  operation,  since  it  was  not  possible 
from  the  speed  record  obtained  on  the  count- 
ers to  ascertain  whether  the  vehicle  was  ac- 
celerating with  a  high  How  rate  or  idling  with 
a  low  flow-  rate.  The  variation  in  fuelmeter 
accuracy  during  a  study  was  not  of  sufficient 
magnitude  to  affect  materially  the  relative 
fuel  consumption  for  two  parallel  routes 
studied  at  approximately  the  same  time. 
However,  it  was  necessary  to  correct  to  a 
common  base  in  order  to  relate  the  results 
of  the  various  studies,  since  the  accuracy 
of  the  fuelmeter  is  shown  in  figure  10  to  vary 
appreciably  during  the  period  of  the  studies. 

Special  test  procedures 

In  order  to  determine  the  relation  between 
fuel  consumption,  speed,  and  degree  of  gradi- 
ent, the  test  car  was  operated  at  sustained 
speeds  ranging  from  15  to  70  miles  per  hour 
on  a  0.0-,  2.84-,  6.0-  and  8.0-percent  grade.  For 
each  sustained  speed,  at  least  three  runs  were 
made  in  both  directions  over  a  given  grade. 
The  fuel  consumed  by  the  test  car  was  meas- 
ured with  a  graduated  burette  which  was 
connected  in  the  fuel  line  between  the  car  fuel 
pump  and  the  carburetor.  Fuel  was  pumped 
by  the  regular  fuel  pump  into  the  burette  and 
by  an  electric  fuel  pump  from  the  burette  to 
the  carburetor.  The  temperature  of  the  fuel 
in  the  burette  was  recorded  for  each  run. 
Because  the  range  of  these  temperatures  was 
small,  no  attempt  was  made  to  correct  the 
observed  volumes  to  a  standard  base. 

The  accelerating  ability  of  the  test  car  was 
measured  on  the  same  four  grades.  Test  runs 
were  made  with  wide-open  throttle  in  each 
direction   on   each   test   section,   accelerating 


Table  3. — Comparison  between  fuel  consumption  and  travel  time  of  test  vehicle  on  freeway 

and  on  parallel  major  highway 


Tost  route 

Length  of  route 

Average  overall 
travel  speed 

Average  rate  of  fuel 
consumption 

Freeway-major 
highway  ratio 

Major 
highway 

Freeway 

Major 
highway  ' 

Freeway  2 

Major 
highway 

Freeway ' 

Travel 
time 

Fuel 
consump- 
tion 

Miles 
122.2 

<  163. 0 
43.8 

58.5 

20.3 

Miles 
116.3 

*  159. 7 
41.8 

55.2 

18.4 

M.  p.  h. 
38.3 

42.7 
35.7 

26.4 

33.8 

M.  p.  h. 
55 

57 
55 

57 

50 

M.  p.  g. 

17.4 

15.6 
17.8 

16.7 

18.9 

M.  p.  g. 
16.0 

15.1 
15.7 

16.0 

17.9 

0.66 

.73 
.62 

.44 

.61 

1.03 

1.01 
1.08 

.99 

.96 

Pennsylvania  Turnpike,  middle 

Pennsylvania  Turnpike,  west- 

Shirley     Memorial     Highway, 
Va            

>  Results  of  using  average  test  method,  except  for  middle  section  of  Pennsylvania  Turnpike  where  attempted  speed  test 
method  of  50  m.  p.  h.  was  used. 

2  Based  on  available  reports  of  average  overall  travel  speeds  of  passenger  cars,  except  for  Shirley  Memorial  Highway  where 
average  test  method  was  used. 

3  Interpolated  from  results  determined  by  attempted  speed  test  method,  except  for  Shirley  Memorial  Highway  where 
average  test  method  was  used. 

*  Distance  between  Middlesex  and  Irwin  interchanges. 


through  each  gear  from  a  standing  start  to 
about  40  miles  per  hour,  and  in  direct  gear 
(third)  from  a  speed  of  20  miles  per  hour  to 
the  highest  practicable  speed.  A  minimum  of 
two  test  runs  was  made  for  each  condition  of 
test. 

The  acceleration  was  determined  from  a 
record  of  time  and  distance,  which  was  made 
on  wax-coated  paper  fed  through  a  chrono- 
graph at  a  constant  speed  of  about  5  inches 
per  second.  Time  was  recorded  on  the  tape  at 
1-second  intervals  by  a  small  electrically  actu- 
ated hammer  wired  to  a  timer.  The  record  of 
distance  was  obtained  by  means  of  a  rotating 
contact  housed  on  a  test  wheel  and  driven  by 
an  odometer  shaft.  The  rotating  contact 
opened  and  closed  an  electrical  circuit  at 
every  2  feet  of  travel  causing  a  stylus  of  the 
chronograph  to  make  a  crenelated  trace  on 
the  moving  tape. 

A  time-distance  curve  was  plotted  for  each 
test  run.    This  curve  was  differentiated  by  the 


mirror  method  at  frequent  points  to  deter- 
mine instantaneous  speeds.  After  the  first 
differentiation,  a  time-speed  curve  was  plotted 
and  differentiated  to  obtain  approximate  in- 
stantaneous rates  of  acceleration.  From  these 
results,  it  was  possible  to  derive  relations  for 
each  grade  that  could  be  used  to  determine 
the  distance  and  time  required  to  accelerate 
between  any  two  speeds,  and  the  instantane- 
ous acceleration  rates  for  given  speeds. 

In  conjunction  with  the  acceleration  tests, 
the  fuel  consumed  while  accelerating  was 
measured  with  the  burette  at  frequent  points 
during  each  test  run.  When  the  burette  was 
read,  the  chronograph  tape  was  marked  by 
pushing  a  switch  wired  to  a  stylus.  It  was 
then  possible  to  determine  the  speed  at  the 
instant  the  burette  was  read.  The  result  was 
an  accumulative  record  of  fuel  consumption 
by  speed  which  could  be  used  to  find  the  fuel 
consumed  w7hen  accelerating  between  any  two 
speeds. 
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Figure  16. — Comparison  of  lime  distribution  by  percentage  of  engine  torque  for  attempted  speed  of 
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Figure  17. — Comparison  of  time  distribution  by  percentage  of  throttle  opening  for  attempted  speed  of 
60  m.  p.  h.  on   three   test  routes  with  different  profile  characteristics. 


The  pertinent  specifications  of  the  test  car 
are  as  follows : 

Make  and  model 1951  Pontiac  6,  4-door  sedan. 

Transmission 3-speed  synchromesh. 

Weight: 

Front 1,920  pounds. 

Rear__ ...^ 2,080  pounds. 

Total 4,000  pounds. 

Bore  and  stroke.. 3-9/16  X  4  inches. 

Piston  displacement 239.2  cu.  in. 

Compression  ratio 6.5  to  1. 

Transmission  ratios: 

1st 2.67  to  1. 

2d 1.66  to  1. 

3d 1  to  1. 

Rear  axle  ratio. 4.10  to  1. 

Maximum    gross    horse-    96  at  3400  r.  p.  m. 

power. 
Maximum  net  horsepow-    90  at  3400  r.  p.  m. 

er. 
Maximum  gross  torque...  191  at  1200  r.  p.  m. 
Maximum  net  torque 186  at  1000  r.  p.  m. 

The  horsepower  and  torque  data,  taken 
from  curves  in  the  Manufacturer's  Shop  Man- 
ual, are  shown  in  table  1. 

Summary  of  Basic  Data 

The  results  for  each  test  route  are  sum- 
marized in  table  2.  This  summary  forms 
the  basis  for  a  discussion  of  the  operating 
characteristics  of  the  test  car  on  freeways 
and  the  parallel  major  highways,  and  for  a 
brief  resume  of  the  findings  for  the  four 
special  studies.  It  contains  the  average  rates 
of  speed  and  fuel  consumption,  the  average 
engine  torque,  and  the  average  throttle  open- 
ing for  each  test  method  (average  or  at- 
tempted speed).  The  average  engine  torque 
and  throttle  opening  were  determined  by 
weighting  the  percentage  of  the  total  trip 
time  recorded  in  each  class  interval  with  the 
midpoint  value  of  the  given  class  interval. 
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Figure  18.— Fuel  consumption  of  test  car  ascending  uniform 
grades  at  sustained  speeds. 
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Figure  19. — Fuel  consumption  of  test  car  descending  uniform  grades 
at  sustained  speeds. 


Correction  factors  derived  from  the  results 
of  the  fuelmeter  calibration  tests  were  applied 
to  the  observed  rates  of  consumption  to  pro- 
duce the  values  shown  in  table  2 ;  except 
where  no  correction  was  warranted,  and  ex- 
cept in  the  cases  of  intersection  and  traffic 
light  studies  (facilities  8  and  9).  In  the  lat- 
ter instances,  reliable  factors  could  not  be 
developed,  because  the  test  car  operated  a 
high  percentage  of  the  time  at  speeds  less 
than  30  miles  per  hour. 

Also  included  in  table  2  are  braking  data 
which  show  (he  percentage  of  time  spent  in 
braking,  the  maximum  class  interval  in  which 
lime  was  recorded,  and  a  time  factor.  The 
vehicle  was  considered  to  lie  braking  when 
the  deceleration  rate  was  more  than  3  feet  per 
second  per  second.  The  time  factor  is  a  ratio 
lit  (lie  number  of  seconds  recorded  in  class  in- 
tervals of  over  0-3  feet  per  second  per  second 
and  (he  length  of  the  test  route  in  hundreds 
of  miles. 

The   Freeway   Studies 

Speed  and  fuel  consumption 

The  rales  of  fuel  consumption  and  speed, 
shown  in  table  2  for  freeways  and  parallel 
highways,  are  compared  in  figures  11  and 
12.  Tlio  term  "average"  over  a  bar  indicates 
that  the  rate  of  fuel  consumption  or  speed 
was  obtained  by  driving  the  average  test 
method.  In  figure  11,  the  three  major  high- 
ways are  classed  as  rural,  although  they  pass 
through  numerous  urban  areas  in  New  Jer- 
sey   and    Maine.       The    Iwo    parallel     routes, 
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identified  in  figure  12,  include  a  substantial 
percentage  of  urban  mileage. 

For  studies  involving  the  New  Jersey  and 
Maine  Turnpikes  and  the  western  section  of 


I  he  Pennsylvania  Turnpike,  the  freeway  was 
run  with  attempted  speeds  of  40,  50,  and  60 
miles  per  hour,  and  the  parallel  routes  by  the 
average  test  method.  In  the  case  of  the 
middle  Pennsylvania  Turnpike  study,  both 
routes  were  run  with  the  attempted  speed 
test  method — the  freeway  at  speeds  of  40,  50, 
and  60  miles  per  hour,  and  the  major  highway 
at  speeds  of  30,  40,  and  50  miles  per  hour. 
The  average  test  method  was  used  for  both 
the  Shirley  Memorial  Highway  and  its  paral- 
lel routes. 

In  this  report  it  was  assumed  that  the 
speed  and  fuel  consumption  rates  observed 
on  U.  S.  11  and  30  in  Pennsylvania  for  the 
attempted  speed  of  50  miles  per  hour  ap- 
proximated the  performance  that  would  have 
been  obtained  by  the  average  test  method. 
This  was  necessary  because  the  traffic  on 
many  parts  of  this  route  was  too  light  to 
use  the  average  method  of  test.  Values 
plotted  in  figure  11  for  this  route  were  based 
on  the  results  which  include  the  operations 
in  the  six  major  towns.  The  exclusion  of 
these  towns,  as  shown  in  table  2,  increased 
the  average  speeds  especially  for  the  at- 
tempted speed  of  50  miles  per  hour,  but  did 
not  materially  change  the  rates  of  fuel 
consumption. 

From  the  comparisons  in  figures  11  and 
12,  except  for  the  Shirley  Memorial  Highway, 
it  is  possible  to  gain  an  idea  of  the  overall 
travel  speeds  that  must  be  driven  on  the  free- 
ways to  obtain  a  rate  of  fuel  consumption 
that  approximately  equals  that  obtained  by 
the  average  test  method  on  the  parallel  route. 
In  the  case  of  the  New  Jersey  and  Maine 
Turnpikes  the  average  speed  is  indicated  to 
be  less  than  50  miles  per  hour,  and  for  the 
middle  and  western  sections  of  the  Pennsyl- 
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Figure  20. — Composite  fuel  consumption  of  test  car  ascending  and  de- 
scending  uniform    grades   at    sustained   speeds. 
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Figure  22. — Composite  fuel  consumption  of  test  car,  in  miles  per  gallon,  for  var- 
ious sustained  speeds  as  related  to  gradient. 
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Figure  21  (Left).— Directional  fuel  con- 
sumption of  test  car  for  various  sustained 
speeds  as  related  to  gradient. 

vania    Turnpike   it   lies   between   50   and   <;o 

miles  per  hour.  By  actual  interpolation  of 
curves  drawn  to  show  the  relation  between 
the  rates  of  fuel  consumption  and  the  aver- 
age speeds  obtained  for  the  attempted  speeds, 
the  speeds  which  gave  equivalent  consumption 
rates  were  48,  46,  54,  and  53  miles  per  hour 
for  the  turnpikes  in  the  order  previously 
mentioned. 

It  is  interesting  to  speculate  on  the  reasons 
why  the  New  Jersey  and  Maine  Turnpikes 
must  he  traveled  at  slower  speeds  than  the 
two  sections  of  the  Pennsylvania  Turnpike 
in  order  to  match  the  rates  of  consumption 
observed  on  the  respective  parallel  routes. 
The  principal  reasons  undoubtedly  are  that, 
the  major  highway  paralleling  the  middle 
Pennsylvania  Turnpike  has  much  more  rise 
and  fall  than  tin-  routes  which  parallel  the 
New  Jersey  and  Maine  Turnpikes,  and  the 
western  Pennsylvania  Turnpike  involves  con- 
siderably less  traffic  congestion  with  the  re- 
sultant stop-and-go  driving.  The  western 
section  also  has  a  small  advantage  over  the 
parallel  route  in  the  degree  of  rise  and  fall. 

By  referring  again  to  figures  11  and  12,  it 
is  seen  that  the  average  speed  approximates 
the  attempted  speed  in  each  instance.  This 
fact  indicates  that  very  little  traffic  inter- 
ference was  encountered  on  the  turnpikes  up 
to  an  attempted  speed  of  CO  miles  per  hour. 
Also,  the  rate  of  fuel  consumption  for  a  given 
attempted  speed  was  nearly  the  same  for  each 
of  the  four  turnpikes.  For  instance,  the 
consumption  rate  for  an  attempted  speed  of 
60  miles  per  hour  was  15.4,  14.9,  15.1,  and 
15.6  miles  per  gallon  for  the  New  Jersey, 
Maine,  and  Pennsylvania  Turnpikes, 
respectively. 

Road-user  benefits 

The  road-user  henetits  in  terms  of  travel 
time  and  fuel  consumption  that  might  result 
from  the  use  of  the  freeway  by  the  test  car 
are  indicated  in  table  ::.  For  this  analysis 
the  test  car  was  assumed  to  operate  at  the 
average  overall  travel  speeds  of  passenger 
cars  on  the  four  turnpikes— 55  miles  per  hour 
for  tile  New  Jersey  and  Maine  Turnpikes,  ami 
57  miles  per  hour  for  the  two  sections  of 
(he  Pennsylvania  Turnpike.  The  rate  of  fuel 
consumption  shown  in  table  :;  for  each  of  the 
four  routes  was  based  on  these  average 
speeds.  In  all  other  instances,  the  results 
used  were  obtained  with  the  average  tesl 
method,  which  was  designed  to  produce  an 
overall  travel  speed  that  approximated  'hat 
of  passenger  cars  using  the  facility. 

The  travel  time  ratios  in  table  :!.  which 
are  based  on  the  average  overall  travel  speeds 
and  the  indicated  lengths  of  the  test  routes, 
show  that  use  of  the  freeway  resulted  in 
considerable  time  saving  in  each  case.  The 
ratios  range  from  0.44  for  the  western  Penn- 
sylvania Turnpike  to  11.7:!  for  the  middle  Penn- 
sylvania Turnpike.  In  other  words,  the 
travel   time  on  the   freeway   was   44   and   7."> 
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Figure  23  (Left). — Composite  fuel  consump- 
tion of  test  car,  in  gallons  per  mile,  for 
various  sustained  speeds  as  related  to 
gradient. 

percent  of  that  required  on  the  respective 
parallel  routes. 

In  contrast  the  fuel  consumption  ratios, 
computed  from  the  average  rates  of  consump- 
tion and  distances  reported  in  table  3,  show 
that  the  test  car  would  burn  slightly  more 
fuel  on  three  of  the  freeways  than  on  the 
parallel  highways.  This  is  indicated  by  a  ratio 
greater  than  1.00.  The  rates  of  consumption 
were  higher  on  the  freeway  in  each  instance, 
although  the  difference  was  less  than  one  mile 
per  gallon  for  the  two  sections  of  the  Pennsyl- 
vania Turnpike.  Because  of  the  distance 
saved  by  using  the  freeways,  the  consumption 
in  gallons  was  about  the  same  for  each  pair 
of  routes  with  the  possible  exception  of  the 
Maine  study,  in  which  case  the  ratio  was  1.08, 
an  8  percent  advantage  for  the  parallel  major 
route. 

The  western  Pennsylvania  Turnpike  study, 
reported  in  table  2,  shows  that  the  rate  of  con- 
sumption through  the  cities  of  Wilkinsburg 
and  Pittsburgh  (12.9  miles)  averaged  14.9 
miles  per  gallon,  and  through  the  40.9-mile 
section,  classed  as  urban,  it  averaged  16.5 
miles  per  gallon.  A  comparison  of  these  rates 
with  that  shown  in  table  3  for  the  parallel 
freeway  definitely  shows  that  considerable 
traffic  congestion  is  required  to  increase  the 
rate  of  consumption  above  that  found  at  the 
normal  overall  travel  speeds  on  the  Pennsyl- 
vania Turnpike.     Of  course,  a   considerable 
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Figure  24.— Fuel  required  for  lest  car  to  accelerate  with  full  throttle  through  all  transmission  gears 
from  a  standing  start  to  30  m.  p.  h.  on  various  upgrades  and  downgrades. 
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saving  in  fuel  would  be  realized  by  operating 
at  lower  speeds  on  the  Turnpike. 

In  the  ease  of  the  New  Jersey  and  western 
Pennsylvania  studies,  the  parallel  major 
highway  was  traveled  before  and  after  the 
opening  of  the  turnpike.  The  results  of  these 
before  and  after  studies  are  shown  in  table  2. 
They  indicate  that  the  opening  of  the  turn- 
pikes did  not  materially  affect  passenger  car 
performance  on  the  older  routes. 

Time  and  fuel  distribution  by  speed 

Two  typical  examples  of  the  great  contrast 
between  vehicle  operation  on  a  freeway  and 
on  a  major  highway  are  shown  in  figure  13 
for  the  New  Jersey  routes,  and  in  figure  14 
for  the  western  Pennsylvania  routes.  In 
each  of  the  two  freeway  examples,  about  98 
percent  of  the  time  for  the  attempted  speed 
of  60  miles  per  hour  was  spent  in  the  57 
to  68  mile-per-hour  group.  In  the  case  of 
the  parallel  major  highways  the  time  was  dis- 
tributed over  a  much  wider  range  which  in- 
dicated a  great  number  of  speed  changes. 

There  was  also  a  considerable  difference 
between  the  time  distribution  for  the  route 
paralleling  the  New  Jersey  Turnpike  (fig- 
ure 13)  and  for  the  route  paralleling  the 
western  Pennsylvania  Turnpike  (fig.  14).  In 
the  former  instance,  about  9.6  percent  of 
the  time  was  spent  at  speeds  below  24  miles 
per  hour,  and  in  the  latter,  the  correspond- 
ing value  was  38.9  percent.  This  wide  varia- 
tion in  time  distribution  helps  to  explain  the 
differences  between  the  time  and  fuel  con- 
sumption ratios  shown  in  table  3  for  the  two 
sets  of  routes. 

The  distribution  of  time,  shown  in  the  upper 
portions  of  figures  13  and  14,  is  compared  with 
the  distribution  of  fuel  in  figure  15.  An  in- 
teresting  point   is   the   small    percentage   of 


fuel  that  was  consumed  below  a  speed  of 
24  miles  per  hour.  On  the  route  through 
Pittsburgh  where  the  average  speed  was  26.4 
miles  per  hour,  only  23.9  percent  of  the  fuel 
was  burned  below  a  speed  of  24  miles  per 
hour.  About  10  percent  of  the  time  was  spent 
in  the  0  to  5  mile-per-hour  class  interval 
and  only  2.5  percent  of  the  fuel  was  used  in 
the  same  class  interval. 

Built-in  vehicle  characteristics 

One  of  the  purposes  of  the  study  was  to 
determine  to  what  extent  certain  built-in 
vehicle  characteristics  were  used  in  normal 
operation.  The  manner  of  conducting  the 
tests  precludes  the  use  of  speeds  as  a  factor 
in  this  respect,  except  for  the  "average"  runs 
made  on  parallel  major  highways.  The  per- 
centage of  time  spent  in  each  range  of  decele- 
ration, engine  torque,  and  throttle  opening 
for  the  attempted  speeds  of  60  miles  per  hour, 
however,  do  indicate  to  some  degree  the  nor- 
mal use  of  brakes  and  power  at  average  speeds 
slightly  greater  than  the  average  overall 
travel  speed  of  normal  freeway  traffic. 

On  the  test  routes  which  were  operated 
with  the  average  test  method,  the  57  to  68 
miles-per-hour  class  interval  was  the  highest 
speed  in  which  any  time  was  recorded.  The 
percentage  of  time  in  this  interval  was  less 
than  0.1  percent  except  for  U.  S.  130,  1,  and 
9  in  New  Jersey  and  the  Shirley  Memorial 
Highway  in  Virginia,  where  it  was  8.0  and 
7.4  percent,  respectively. 

The  most  surprising  results  are  probably 
those  shown  in  table  2  for  the  use  of  brakes. 
It  is  seen  that  the  percentage  of  time  spent 
in  braking  was  practically  nil  for  the  free- 
ways and  rather  insignificant  for  the  parallel 
highways.  The  maximum  deceleration  re- 
corded was  in   the  range  of  14-16  feet  per 


Table  4. — Comparison  of  instantaneous  ac- 
celeration rates  for  various  speeds 


Acceleration 

Average 
vehicle 

Test  vehicle 

20.., 

M.  p.  h. 

M.  p.  h./sec. 
2.5 
2.5 
2.5 
2.5 
2.3 
2.0 
1.5 
1.0 

M.  p.  h./sec. 
2.0 
2.1 
2.2 
2.3 
2.2 
1.8 
1.4 
.8 

25 

30 

35 

40 

50 . 

60 

70 

second  per  second.  Since  the  test  vehicle  by 
actual  stopping-distance  tests  was  capable  of 
an  average  deceleration  rate  of  25.3  feet  per 
second  per  second,  only  about  60  percent  of  the 
built-in  braking  force  was  used  during  any 
test. 

Even  though  there  was  little  time  spent  in 
braking  on  any  route,  a  comparison  of  the 
time  factors  does  indicate  a  sizable  advantage 
for  the  freeways  in  this  respect.  For  example, 
the  time  factor  on  the  New  Jersey  Turnpike 
for  an  attempted  speed  of  60  miles  per  hour 
was  5.3  as  compared  with  181.2  for  the  parallel 
route  before  the  opening  of  the  Turnpike. 

The  average  values  of  composite  engine 
torque  and  throttle  opening,  shown  in  table  2, 
indicate  that  only  a  small  portion  of  the 
built-in  torque  and  power  was  normally  util- 
ized on  any  of  the  tests.  This  is  emphasized 
by  the  time  distributions  shown  in  figures  16 
and  17  for  the  three  tests  with  the  highest 
average  engine  torque  and  throttle  opening. 
Time  was  seldom  recorded  in  the  highest  two 
class  intervals  of  engine  torque  (more  than  77 
percent)  or  in  any  class  interval  of  throttle 
opening  above  50  percent. 
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Figure  29.— Average  instantaneous  acceleration  rates  at  various  speeds  for  test  car  operating  in 
third  gear  on  various  upgrades  and  downgrades. 
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The  results  shown  in  figures  16  and  17  were 
observed  on  three  test  routes  with  decidedly 
different  profile  characteristics.  Operations 
on  the  New  Jersey  Turnpike  were  most  con- 
sistent as  indicated  by  about  75  percent  of  the 
time  being  spent  in  the  engine  torque  range 
of  3.':!  to  55  percent  and  about  90  percent  of  the 
time  in  the  throttle  opening  range  of  20  to  39 
percent.  In  contrast,  the  time  was  distributed 
over  a  much  wider  range  of  both  percentage 
of  engine  torque  and  throttle  opening  in  the 
c.isc  of  U.  S.  40  which  has  a  series  of  long 
steep  grades. 

Based  on  the  data  contained  in  table  2  and 
on  the  average  overall  travel  speeds  shown 
in  table  3,  the  average  engine  torque  and 
throttle  opening  observed  on  a  major  parallel 
highway  were  appreciably  less  than  the  aver- 
age values  observed  on  the  corresponding 
freeway.  For  example,  the  average  engine 
torque  was  31.4  percent  on  U.  S.  130, 1,  and  9  in 
New  Jersey  and  41.2  percent  by  interpolation 
on  the  New  Jersey  Turnpike. 

Resume  of  Special  Studies 
U.  S.  40  in  Maryland 

From  a  study  made  in  1947  between  Hagers- 
town  and  Frederick,  Md.,  it  was  found  that 
the  average  speed  of  passenger  cars  was  33.6 
miles  per  hour  on  the  old  section  of  U.  S.  40 
before  the  opening  of  the  new  section,  and 
42.5  miles  per  hour  on  the  new  section.  For 
this  reason  the  fuel  consumption  was  meas- 
ured on  the  old  section  by  attempting  to 
drive  the  average  speed  of  33.6  miles  per 
hour  in  accordance  with  operating  practices 
recorded  at  the  time  of  the  earlier  tests.  It 
is  seen  in  table  2  that  the  average  rate  of 
fuel  consumption  was  16.6  miles  per  gallon 
on  the  old  section  at  an  average  speed  of 
35.9  miles  per  hour.  This  rate  compares  with 
one  of  17.1  miles  per  gallon  determined  for 
the  average  speed  of  42.5  miles  per  hour  by 
interpolating  the  rates  measured  on  the  new 
road  for  attempted  speeds  40  and  50  miles 
per  hour.  The  elimination  of  congestion  cre- 
ated mostly  by  slow-moving  trucks  on  steep 
grades  appeared  to  result  in  a  slight  saving 
in  fuel  consumption. 

Washington,  D.  C,  to  Annandale,  Va. 

The  results  shown  in  table  2  for  this  route 
are  included  in  the  report  only  for  reference 
use,  since  the  original  purpose  of  the  study 
lias  already  been  served.3  The  route  which 
led  to  Annandale  by  way  of  the  Shirley  Me- 
morial Highway  was  far  superior  in  aver- 
age speed  especially  during  the  peak  traffic 
period.  Also,  the  rate  of  fuel  consumption 
by  way  of  the  Shirley  Memorial  Highway  was 
lower  during  the  peak  period,  16.4  miles  per 
gallon  as  compared  with  15.4  miles  per  gallon, 
but  approximately  the  same  during  the  off- 
peak  period. 

The  performance  was  not  greatly  reduced 
by  heavier  traffic  on  the  freeway  section, 
whereas  it  was  materially  reduced  in  the 
case  of  the  section  with  intersections  at 
grade.     Also,  the  difference  in  performance  on 

3  See  footnote  1,  page  182. 
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Figure  30. — Relation  between  fuel  consumption  of  test  car  and  the  rate  of  rise 

and  fall. 


the  two  sections  during  the  off-peak  period 
was  not  great.  It  appears  that  sizable  sav- 
ings in  fuel  consumption  may  result  in  peak 
traffic  periods  through  use  of  freeways  under 
urban  conditions  of  operation.  This  is,  of 
course,  contrary  to  the  findings  aiready  re- 
ported for  high-speed  operations  on  freeways. 

Intersection  study 

The  results  shown  in  table  2  (facility  8) 
need  no  explanation,  except  that  the  true  rate 
of  fuel  consumption  was  probably  somewhat 
higher  than  the  value  given  in  the  table, 
because  of  the  characteristics  of  the  fuelmeter 
shown  in  figure  10.  It  was  previously  pointed 
out  that  the  observed  rates  of  consumption 
were  shown  in  table  2  because  reliable  cor- 
rection factors  could  not  be  derived  for  this 
predominantly  low-speed  operation. 

Traffic  light  study 

Tests  were  made  before  and  after  the  in- 
stallation of  11  traffic-actuated  signals  on 
the  most  congested  section  of  Columbia  Pike. 
The  results  are  summarized  in  table  2  (facil- 


ity 9).  The  comments  just  made  about  the 
rates  of  fuel  consumption  for  the  intersection 
study  apply  also  to  this  study. 

The  pertinent  findings  were  that  the  aver- 
age overall  travel  speed  was  reduced  about  5 
percent  and  the  rate  of  consumption  was  in- 
creased about  12  percent  during  the  off-peak 
periods.  During  the  peak  period,  the  aver- 
age overall  travel  speed  was  about  the  same 
but  the  rate  of  consumption  was  lower  by 
about  6  percent.  The  purpose  of  the  signal 
installation  was  to  facilitate  the  cross  traffic 
with  as  little  interference  as  possible  to  the 
main  traffic  flow.  If  the  movements  of  the 
cross  traffic  were  expedited,  as  it  would  be 
reasonable  to  assume,  it  appeared  that  the 
purpose  of  the  installation  had  been  accom- 
plished within  reasonable  limits. 

Grade   Test  Results 
Fuel  consumption  rates 

In  order  to  add  to  the  scant  data  that  have 
been  reported  for  fuel  characteristics  of  mod- 
ern   passenger    cars   on    a    wide    variety    of 
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Table  5. — Savings  in  fuel  consumption  resulting  from  two  methods  of  grade  reduction 


Grade  re- 
duction, 
in  percent 

Percentage  of  savings  for  sustained  speeds  of— 

30  m 

p.  h. 

40  m.  p.  h. 

50  m.  p.  h. 

60  m. 

p.  h. 

Method  1 1 

Method  II 2 

Method  I 

Method  II 

Method  I 

Method  II 

Method  I 

Method  II 

8-6 

8-4 

8-3 

8-2 

6-4 

6-3 

6-2 

4-3 

4-2 

3-2 

Percent 
16.7 
15.2 
13.1 
9.8 

3.0 
3.3 

2.7 

.9 
1.  1 

.4 

Percent 
25.7 
33.4 
36.5 
39.0 

10.5 
14.5 
17.9 

4.5 
8.3 

3.9 

Percent 
12.7 
10.9 
8.7 
6.6 

1.7 

1.4 
1.5 

1 

Percent 
20.2 
26.0 
28.0 
30.4 

7.4 
9.9 
12.8 

2.7 
5.9 

3.3 

Percent 
7.5 
6.  0 
4.9 
3.7 

2.0 
1.8 
1.5 

.3 

.  5 

.3 

Percent 
11.3 
17.  (', 
19.6 
21.6 

7.0 
11.2 
10.4 

2.4 
4.8 

2.4 

Percent 

Percent 

3.1 
3.7 

2.6 

1.3 
.9 

0 

8.7 
11.9 
13.7 

5  5 
2.0 

1  No  reduction  in  rise  and  fall. 

2  Reduction  in  rise  and  fall. 

gradients,  the  test  ear  was  driven  on  grades 
ranging  from  0  to  8  percent.  The  vehicle  was 
operated  in  direct  gear  at  sustained  speeds 
ranging  from  15  to  70  miles  per  Lour  and  was 
accelerated  in  various  gears  from  a  standing 
start  to  the  highest  practicable  speed. 

The  rates  of  consumption  in  miles  per  gal- 
lon for  the  sustained  speeds  are  shown  in 
figure  18  for  ascending,  and  figure  19  for  de- 
scending four  uniform  grades.  The  composite 
consumption,  which  combines  the  results 
shown  in  figures  18  and  19,  is  given  in  figure 
20.  For  the  uphill  tests,  the  fuel  consumption 
decidedly  increased  at  a  slower  rate  with 
speed  as  the  grade  increased.  This  occurs 
mainly  because  air  resistance,  which  increases 
approximately  with  the  square  of  the  speed, 
is  constant  for  each  grade  and  becomes  a 
smaller  portion  of  the  total  resistance  to 
motion  as  the  grade  increases.  It  is  seen  that 
consumption  remained  almost  constant  for 
ascending  the  8  percent  grade,  and  actually 
decreased  slightly  with  speed  for  the  com- 
posite relation.  The  test  car  could  not  sustain 
a  speed  of  65  miles  per  hour  on  a  6-percent 
grade  or  55  miles  per  hour  on  the  8-percent 
grade. 

The  directional  fuel  consumption  shown  in 
figures  18  and  19  and  the  composite  fuel  con- 
sumption shown  in  figure  20  are  replotted  in 
more  usable  form  in  figures  21  and  22,  re- 
spectively. From  these  curves  it  is  possible 
to  determine  easily  the  fuel  consumption  for 
any  degree  of  gradient  at  a  given  sustained 
speed.  In  considering  the  composite  con- 
sumption, the  interesting  point  is  that  the  rate 
of  consumption  increases  at  a  fairly  uniform 
rate  with  an  increase  in  grade  up  to  a  grade 
of  6  percent  for  all  except  the  20-mile-per-hour 
sustained  speed.  Above  6  percent,  the  in- 
crease is  at  a  faster  rate  which  indicates  that 
the  reduction  of  grades  above  6  percent  should 
result  in  a  saving  in  fuel  consumption  for  the 
test  vehicle,  even  if  the  rise  and  fall  is  not 
reduced.  The  relations  for  composite  con- 
sumption shown  in  figure  22  are  plotted  in 
terms  of  gallons  per  mile  in  figure  23  for  later 
use  in  this  report. 

Accumulative  fuel  curves  for  accelerating 
on  the  level  and  on  various  plus  and  minus 
grades  with  full  throttle  from  a  standing 
start  to  30  miles  per  hour  are  shown  in  figure 
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24.  Two  gear  shifts  were  made,  one  at  17 
miles  per  hour  and  one  at  29  miles  per  hour. 
Actually  the  vehicle  operated  in  third  (di- 
rect) gear  only  from  29  to  30  miles  per  hour. 
Similar  relations  for  accelerating  in  third 
gear  from  20  miles  per  hour  to  the  highest 
practical  speed  are  shown  in  figure  25.  Since 
the  fuel  consumption  is  accumulated  with 
speed,  it  is  possible  to  determine  from  these 
data  the  fuel  consumed  for  accelerating  be- 
tween any  two  given  speeds. 

These  data  should  have  application  to  the 
problem  of  estimating  the  cost  savings  that 


might  accrue  to  users  of  passenger  cars  by 
the  elimination  of  traffic  congestion  or  other 
interruptions  to  the  smooth  flow  of  traffic, 
which  cause  the  driver  to  accelerate  from  a 
reduced  speed  to  the  desired  running  speed. 
An  example  would  be  the  economic  analysis 
of  the  congestion  caused  by  slow-moving 
trucks  on  hills. 

Another  useful  value  of  fuel  consumption 
obtained  for  the  test  car  was  the  fuel  con- 
sumed while  idling.  The  consumption  at  an 
idling  engine  speed  of  approximately  460 
revolutions  per  minute  was  0.4  gallon  per 
hour.  At  an  engine  speed  of  600  revolutions 
per  minute  it  was  about  0.5  gallon  per  hour. 

Acceleration  rates 

The  distance  required  to  accelerate  with 
full  throttle  between  any  two  speeds  can  be 
determined  from  the  curves  shown  in  figure 
26  for  accelerating  through  first  and  second 
gears  from  a  standing  start  to  30  miles  per 
hour,  and  in  figure  27  for  accelerating  in  third 
gear  from  20  miles  per  hour  to  the  highest 
practicable  speed.  For  example,  to  obtain 
the  distance  required  to  accelerate  up  a  6- 
percent  grade  from  30  to  50  miles  per  hour, 
the  accumulative  distance  of  350  feet  at  30 
miles  per  hour  is  subtracted  from  the  accu- 
mulative distance  of  1,800  feet  at  50  miles 
per  hour.    The  answer  is  1,450  feet. 
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Figure  31.— Example  for  determining  savings  in  fuel  consumption  by  tivo  typical 

methods  of  grade  reduction. 
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Table  6. — Summary  of  fuel  consumption  between  Frederick  and  Hagerstown,  Md.,  meas- 
ured and  computed  by  various  methods  for  attempted  sustained  speed  of  50  miles 
per  hour 


Sections 

Section 
length 

Rise 
and 
fall 
rate 

Fuelmeter  measurement 

Indi- 
vidual 
grade 
method 

Rise  and  fall 
method 

Grade 
classifi- 
cation 
method 

July 
1951 

Aug. 
1952 

Sept. 
1952 

Aver- 
age 

Rise  and 
fall  re- 
lation 

Individ- 
ual grade 
relation 

A-B        .    

Mile* 

3.5 
1.8 
4.  1 
2.4 
2.6 
6.6 

21.0 

Fl./lOOft. 
3.8 
4.5 
3.8 

5.7 
5.2 
2.2 

3.7 

Gal. 

0.200 
.106 
.231 
.149 
.156 
.368 

1.210 

Gal. 

1.318 

Gal. 

0.220 
.117 
.  252 
.160 
.167 
.390 

1.306 

Gal. 
0.210 
.112 
.242 
.154 
.161 
.379 

'  1.  278 

Gal. 
0.224 
.119 
.264 
.167 
.173 
.399 

1.346 

Gal. 

0.223 
.118 
.262 
.164 
.174 
.400 

Gal. 

0.219 
.115 
.256 
.160 
.170 
.398 

'1.310 

Gal. 

0.223 
.118 
.266 
.165 
.172 
.399 

1.343 

B-C           

C-D            . 

D-E         

E-F 

F-O            

Total 

'  1. 333 

Variation  from  bure 

tte  measu 

rement ' 
pet.. 

—  .5.  5 

+3.0 

+2.0 

-0.2 

+5.2 

+4.9 

+2.3 

+5.0 

1  Not  a  summation  of  values  for  intermediate  sections. 

'  Based  on  rate  of  rise  and  fall  for  total  section,  and  not  a  summation  of  values  for  intermediate  sections. 

»  Burette  measurement,  August  1952,  1.280  gallons. 


Similar  relations  between  speed  and  accu- 
mulative time  are  shown  in  figure  28  for  the 
same  plus  and  minus  grades.  The  time  re- 
quired to  cover  the  distance  of  1,450  feet 
was  determined  to  be  approximately  24 
seconds. 

The  relations  in  figures  25  and  27  may  be 
used  to  determine  the  average  rate  of  fuel 
consumption  for  accelerating  between  two 
speeds.  For  full  throttle  acceleration  on  a 
plus  6-percent  grade  from  30  to  50  miles,  the 
rate  was  6.9  miles  per  gallon.  This  was  de- 
termined by  dividing  the  distance  in  miles 
(fig.  27)  by  the  fuel  in  gallons  (fig.  25).  The 
rate  of  6.9  miles  per  gallon  compares  with 
one  of  9.0  miles  per  gallon,  read  from  figure 
18  for  a  sustained  speed  of  50  miles  per  hour 
on  an  upgrade  of  6  percent. 

The  instantaneous  acceleration  rates  at 
various  speeds  are  shown  in  figure  29.  The 
peak  acceleration  on  the  level  occurs  at  a  road 
speed  of  35  miles  per  hour  which  approxi- 
mates the  speed  of  peak  torque.  Tbe  shape 
of  the  acceleration  curve  is  similar  to  the 
shape  of  the  maximum  torque  curve  and  this 
should  be  the  case,  since  acceleration  is  pro- 
portional to  torque.  The  acceleration  rates 
for  the  test  vehicle  are  very  similar  to  those 
obtained  in  a  previous  study  for  an  average 
of  53  vehicles.4  A  comparison  of  tbe  instan- 
taneous rates  for  various  speeds  of  the  test 
vehicle  and  for  the  average  of  53  vehicles  is 
shown  in  table  4. 

Analyses   of  Fuel  Consumption 
Rise  and  fall  relations 

Tbe  relations  between  fuel  consumption  and 
rise  and  fall,  shown  in  figure  30  for  attempted 
speeds  of  30,  40,  50,  and  60  miles  per  hour, 
were  derived  from  the  rates  of  composite  fuel 
consumption  observed  on  the  individual  test 
sections  of  the  New  Jersey  Turnpike,  Maine 
Turnpike,  Pennsylvania  Turnpike  (both  sec- 
tions), Shirley  Memorial  Highway,  U.  S.  30 
and  11  in  Pennsylvania,  and  U.  S.  40  in  Mary- 
land.   If  the  average  speed  for  a  test  section 

«  Braking  distances  of  vehicles  from  high  speeds, 
and  testi  of  friction  coefficients,  by  O.  K.  Normann. 
PDBMC  ROADS,  vol.  27,  No.  S,  June  1953. 
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was  not  within  about  5  percent  of  the  at- 
tempted speed,  the  rate  of  fuel  consumption 
was  not  used  in  this  analysis. 

The  average  curves  shown  in  figure  30  for 
30,  40,  50,  and  60  miles  per  hour  were  based 
on  35,  79,  74,  and  46  observations,  respec- 
tively. There  was  a  rather  wide  dispersion 
of  the  observed  points  about  each  of  the 
curves.  The  standard  errors  of  estimate  in 
miles  per  gallon  were  0.76  for  30  miles  per 
hour,  0.79  for  40  miles  per  hour,  0.63  for  50 
miles  per  hour,  and  0.35  for  60  miles  per  hour. 
Part  of  the  wide  scatter  of  data  about  the 
curves  was  undoubtedly  due  to  variations  in 
performance  of  the  test  car  during  the  period 
of  tests,  shown  previously  in  figure  9. 
Another  factor  contributing  to  the  large  devi- 
ation was  the  inability  to  develop  reliable 
correction  factors  for  the  varying  accuracy 
of  the  fuelmeter,  shown  in  figure  10. 

The  relations  established  between  the  rate 
of  rise  and  fall  and  the  rate  of  fuel  consump- 
tion were  very  similar  to  those  shown  in  figure 
22,  which  were  determined  for  sustained  speed 
operation  on  short  uniform  grades.  They 
provide  a  rather  easy  method  for  estimating 
the  fuel  used  on  any  section  of  road.  The 
particular  advantage  is  that  any  combination 
of  grades  can  be  considered  at  one  time  by 
determining  the  total  rise  and  fall  for  the 
highway  section.  A  disadvantage  i,s  the  error 
that  results  when  the  length  of  the  very  steep 
grades  is  an  appreciable  portion  of  the  total 
length  being  considered.  This  error  results 
because  the  composite  effect  of  one  foot  of  rise 
and  fall,  as  shown  in  figure  30,  is  appreciably 
greater  for  the  rates  of  rise  and  fall  above 
6  feet  per  hundred  feet.  The  rate  of  fuel 
consumption  was  also  shown  in  figure  22  to 
increase  at  a  faster  rate  for  grades  over  6 
percent. 

Grade  reduction  methods 

The  savings  in  fuel  consumption  that  result 
by  reducing  grades  without  a  reduction  in  rise 
and  fall,  and  with  a  reduction  in  rise  and  fall 
are  indicated  in  table  5.  They  were  computed 
from  the  example  shown  in  figure  31  and  the 
rates  of  fuel  consumption  (gallons  per  mile) 
shown  in  figure  23.     In  order  to  clarify  the 


mechanics  of  the  analysis,  the  problem  of 
reducing  an  8-  to  a  4-percent  grade  is  de- 
scribed in  detail  for  a  speed  of  30  miles  per 
hour. 

Figure  31  shows  that  if  the  reduction  of  the 
8-percent  grade  is  accomplished  without  a 
reduction  in  rise  and  fall,  the  saving  in  fuel 
would  be  the  sum  of  the  consumption  on  the 
8-percent  grade  (AB)  and  the  level  section 
(BD),  minus  the  consumption  on  the  4-per- 
cent grade  (AD).  The  fuel  consumed  was 
0.001983  gallon  on  AD  (200  feet),  0.001491 
gallon  on  AB  (100  feet),  and  0.000849  gallon 
on  BD  (100  feet).  These  values  of  consump- 
tion were  determined  by  multiplying  the 
length  of  the  respective  section  in  miles  by 
the  rate  of  consumption  read  for  the  specified 
grade  from  the  30-mile-per-hour  curves  in 
figure  23.  The  saving  in  fuel  is  thus  0.000357 
gallon.  The  percentage  of  savings  is  0.000357 
gallon  divided  by  0.002340  gallon,  or  15.2  per- 
cent. 

If  the  reduction  in  the  8-percent  grade  is 
made  by  reducing  rise  and  fall,  the  saving 
would  be  the  consumption  on  the  8-percent 
grade  (AB)  minus  the  consumption  on  the 
4-percent  grade  (AH).  The  consumption  on 
AB  (100  feet)  was  previously  determined 
to  be  0.001491  gallon.  By  using  the  rate  of 
consumption  shown  in  figure  23  for  the  4-per- 
cent grade,  the  fuel  consumed  on  AH  (100 
feet)  was  determined  to  be  0.000992  gallon. 
A  saving  of  0.000499  gallon  or  33.4  percent 
resulted. 

It  is  seen  in  table  5,  that  Method  II  always 
results  in  the  largest  saving.  A  reduction 
in  grade  by  Method  I  appears  to  result  in 
appreciable  savings  for  grades  in  excess  of 
6  percent.  However,  grades  of  6  percent  or 
under  must  be  reduced  by  Method  II  if  any 
substantial  saving  is  to  be  realized.  It  is 
emphasized  that  the  savings  shown  in  table 
5  are  based  on  the  fuel  characteristics  of  one 
passenger  car,  and  that  they  could  be  mate- 
rially different  for  other  vehicles. 

The  differences  between  the  two  methods 
of  grade  reduction  are  very  clearly  shown 
in  figure  32.  The  savings  are  those  shown  in 
table  5  for  a  sustained  speed  of  50  miles  per 
hour.  Except  for  the  reduction  of  an  8-  to 
a  6-percent  grade,  Method  I  is  shown  to  be 
much  inferior  to  Method  II.  Very  little  is 
gained  by  reducing  grades  of  6,  4,  or  3  percent 
by  Method  I,  or  by  reducing  grades  of  4  and 
3  percent  by  either  method.  It  can  be  readily 
seen  that  reducing  grades  per  se  may  not  re- 
sult in  appreciable  savings  in  fuel  consump- 
tion. 

Fuel  computations 

The  21.0-mile  section  of  U.  S.  40  between 
Frederick  and  Hagerstown,  Md.,  was  selected 
for  checking  various  methods  that  can  be 
used  to  measure  and  compute  fuel  consump- 
tion, because  the  lengths  of  steep  grades  con- 
stituted a  sizable  portion  of  the  total  length. 
This  section  of  highway  had  a  rate  of  rise 
and  fall  of  3.7,  the  highest  of  any  test  route 
studied.  About  29  percent  of  its  length  was 
on  grades  of  5  percent  or  more,  and  about 
15  percent  on  grades  of  7  percent  or  greater. 
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Figure  32. — Savings   in  fuel  consumption  determined  by  two  methods  of  grade  reduction  for  a 

sustained  speed  of  50  m.  p.  h. 


The  fuel  consumption  in  gallons,  deter- 
mined by  the  various  methods  for  an  at- 
tempted speed  of  50  miles  per  hour,  is  shown 
in  table  6.  Fuel  was  measured  with  a  burette 
in  one  test,  and  with  the  fuelmeter  in  three 
tests.  The  fuel  consumption  was  computed 
by  two  methods  that  use  individual  grades, 
and  by  two  methods  that  use  the  rate  of  rise 
and  fall,  which  have  been  called  the  com- 
posite or  average  grade  by  other  investigators. 

The  values  in  the  column  headed  "Individ- 
ual grade  method"  are  the  summation  of  fuel 
consumption  computed  for  each  individual 
grade  in  the  section.  This  method  required 
198  computations  using  the  rates  of  fuel  con- 
sumption shown  in  figure  23. 


The  "Grade  classification  method"  is  a  sim- 
plified version  of  the  method  just  discussed. 
The  individual  grades  were  grouped  in  four 
classes:  0  to  3  percent,  3  to  5  percent,  5  to 
7  percent,  and  7  to  9  percent.  The  total  length 
in  each  class  was  then  multiplied  by  the  rate 
of  fuel  consumption  in  gallons  per  mile,  ob- 
tained from  figure  23  for  the  midpoint  of  the 
particular  grade  class.  This  method  is  not 
quite  so  laborious  as  the  previous  one  and 
gave  almost  identical  results. 

The  "Rise  and  fall  method"  required  only 
one  computation  for  a  given  section.  The 
first  column  under  this  method  contains 
values  that  were  computed  with  the  fuel  con- 
sumption rates  shown  in  figure  30  for  various 


rates  of  rise  and  fall.  The  values  in  the 
second  column  headed  "Individual  grade  re- 
lation" were  based  on  the  rates  for  individual 
grades  shown  in  figure  23. 

The  fuel  measured  with  the  burette  was 
used  as  a  common  base  for  comparative  pur- 
poses. The  percentage  of  variations  from  the 
burette  measurement,  shown  in  table  6,  indi- 
cates that  all  methods  gave  results  which  were 
within  reasonable  limits  of  error.  The  much 
simpler  "Rise  and  fall  method"  appears  to  be 
as  good  as,  or  better  than,  the  two  methods 
which  require  a  solution  for  each  individual 
grade.  The  results  obtained  with  the  fuel- 
meter  also  did  not  vary  appreciably  from 
those  measured  with  the  burette. 
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Public  Utility  Relocation  Incident  to  Highway  Improvement 


President  Eisenhower  on  April  5,  1955, 
transmitted  to  Congress  a  report  on  the  prob- 
lems posed  by  relocation  of  public  utilities 
made  necessary  by  highway  improvements. 
The  report  was  prepared  by  the  Bureau  of 
Public  Roads,  in  cooperation  with  the  State 
highway  departments  and  public  utilities,  at 
the  direction  of  Congress,  in  section  11  of  the 
Federal-Aid  Highway  Act  of  1954. 

The  report,  entitled  Public  Utility  Reloca- 
tion Incident  to  Highway  Improvement,  has 
been  published  as  House  Document  No.  127, 
S4tli  Congress.  1st  Session,  and  is  available 
from  the  Superintendent  of  Documents,  U.  S. 
Government  Printing  Office,  Washington  25, 
I  >.  ('.,  at  25  cents  a  copy. 

Traditionally,  public  utilities  have  estab- 
lished themselves  along,  and  within,  public 
highway  rights-of-way.  In  general,  the  status 
of  these  installations  has  been  covered  by 
State  constitutional  or  statutory  authority. 
As  a  rule,  where  highway  improvements  re- 
quire it,  the  public  utility  facilities  are  re- 
moved from  one  location  within  the  highway 
right-of-way  to  another  at  the  expense  of  the 
utilities  themselves.  As  highway  improve- 
ment and  modernization  increased,  the  utili- 
ties have  claimed  that  these  relocation  costs 
imposed  a  greater  and  greater  burden. 


In  its  study  of  this  problem  the  Bureau  of 
Public  Roads  investigated  both  the  cost  of 
public  utility  relocation  and  the  legal  relation- 
ships which  may  affect  the  distribution  of  the 
costs. 

The  State  highway  departments  reported 
that  the  total  dollar  value  of  all  highway 
projects  completed  in  the  survey  year  1953 
was  approximately  $1.7  billion  and  involved 
10,245  highway  projects,  aggregating  40,027 
miles  in  length.  The  public  utilities  which 
cooperated  in  the  study  reported  that  they 
could  identify  5,422  utility  relocations  in  con- 
nection with  3,836  of  these  highway  projects. 
The  dollar  value  of  this  construction 
amounted  to  about  $1.1  billion  and  involved 
nearly  14,000  miles  of  highway. 

The  utilities  reported  relocation  costs  for 
the  year  amounting  to  $35.5  million.  More 
than  80  percent  of  this  cost  ($29.1  million) 
involved  utilities  located  within  the  highway 
right-of-way.  The  remaining  20  percent  ($6.4 
million)  was  the  cost  of  moving  utilities  lo- 
cated on  their  own  private  rights-of-way  for 
much  of  which  they  were  reimbursed  in  the 
same  manner  as  any  other  property  owner. 
Total  costs  were  divided  almost  equally  be- 
tween projects  in  urban  and  rural  areas — 
$15.2  million  in  urban  areas  and  $13.9  million 


\« 


in  rural  areas.  Of  the  reported  $35.5  million 
relocation  cost,  nearly  90  percent  was  in- 
curred in  connection  with  the  Federal-aid 
systems,  the  remainder  on  State  highways 
outside  the  Federal-aid  systems. 

Among  utility  types,  electric  and  power, 
and  telephone  together  accounted  for  nearly 
70  percent  of  the  reported  $35.5  million  relo- 
cation cost,  gas  accounted  for  almost  14  per- 
cent, and  water  for  some  11  percent.  Some 
of  these  costs  were  reimbursable  and  agen- 
cies at  different  levels  of  government  were 
involved  in  making  payments.  The  bulk  of 
the  reimbursements  were  met  by  the  State 
highway  departments.  Of  a  total  reimburse- 
ment of  more  than  $8.4  million,  86.5  percent, 
or  nearly  $7.3  million,  was  so  returned  to  the 
utilities. 

Data  which  the  Bureau  of  Public  Roads 
obtained  from  the  State  highway  departments 
with  respect  to  reimbursement  for  public 
utility  relocation  costs  indicated  that  the 
total  of  State  reimbursements  for  such  costs 
was  nearly  $16  million.  It  is  evident  that 
the  State  highway  department  figures  include 
many  public  utility  highway  relocation  proj- 
ects which  were  not  included  in  the  data  re- 
ported by  the  public  utilities.  This  is  notably 
true  of  publicly  owned  utilities. 


Precast  Concrete  Bridge:  A  Motion  Picture 


The  Bureau  of  Public  Roads  recently  pro- 
duced and  released  a  new  motion  picture, 
A  Record  of  Casting  and  Placement  of  a 
Precast  Concrete  Bridge.  The  one-reel,  16- 
niiii.  sound  and  color  film  has  a  running  time 
of  18  minutes. 

The  film  illustrates,  with  scenes  at  an 
actual  bridge  site  and  with  animated  draw- 
ings, a  method  of  bridge  building  which  is 


growing  in  usage  in  this  country.  The  na- 
ture of  the  forms  for  the  precast  concrete 
beams,  deck  slabs,  and  curb  sections,  and 
their  use  in  the  central  casting  yard,  are  dem- 
onstrated in  detail.  Driving  of  piles  and  con- 
struction of  bent-caps  at  the  bridge  site,  the 
placement  of  the  precast  units,  and  the  final 
operations  involved  in  completing  the  three- 
span  structure  are  shown  step  by  step. 


The  film  may  be  borrowed  by  any  respon- 
sible organization,  without  charge  except  for 
the  nominal  shipping  costs,  by  writing  to 
Visual  Education,  Bureau  of  Public  Roads, 
Washington  25,  D.  C.  The  number  of  avail- 
able prints  is  limited,  so  several  alternate 
dates  should  be  proposed  in  requesting  loan 
of  the  picture.  Loans  can  be  made  only  for 
short  periods  of  time. 


202 


August  1955  •  PUBLIC   ROADS 


A  list  of  the  more  important  articles  in  Public 
Eoads  may  be  obtained  upon  request  addressed 
to  Bureau  of  Public  Roads,  Washington  25,  D.  C. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


The  following  publications  are  sold  by  the  Superintendent 
ffl  Documents,  Government  Printing  Office,  Washington  25, 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.      Prepayment  is  required. 


ANNUAL  REPORTS 

Work  of  the  Public  Roads  Administration: 

1941,  15  cents.  1948,  20  cents. 

1942,  10  cents.  1949,  25  cents. 
Public  Roads  Administration  Annual  Reports: 

1943;  1944;  1945;  194G;  1947. 

(Free  from  Bureau  of  Public  Roads) 
Annual  Reports  of  the  Bureau  of  Public  Roads: 

1950,  25  cents.  1952,  25  cents.  1954  (out  of  print). 

1951,  35  cents.  1953,  25  cents. 


PUBLICATIONS 

Bibliography  of  Highway  Planning  Reports  (1950).     30  cents. 

Braking  Performance  of  Motor  Vehicles  (1954).     55  cents. 

Construction  of  Private  Driveways,  No.  272MP  (1937).     15  cents. 

Criteria  for  Prestressed  Concrete  Bridges  (1954).     15  cents. 

Design  Capacity  Charts  for  Signalized  Street  and  Highway  Inter- 
sections (reprint  from  Public  Roads,  Feb.  1951).     25  cents. 

Electrical  Equipment  on  Movable  Bridges,  No.  265T  (1931).  40 
cents. 

Factual  Discussion  of  Motortruck  Operation,  Regulation,  and 
Taxation  (1951).     30  cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  Con- 
struction (1948).     Out  of  print. 

Financing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments, 1931-41.     45  cents. 

Highway  Bond  Calculations  (1936).     10  cents. 

Highway  Bridge  Location  No.  1486D  (1927).     15  cents. 

Highway  Capacity  Manual  (1950).     $1.00. 

Highway  Needs  of  the  National  Defense,  House  Document  No. 
249(1949).     50  cents. 

Highway  Practice  in  the  United  States  of  America  (1949).  75 
cents. 

Highway  Statistics  (annual) : 

1945,  35  cents.  1948,  65  cents.  1951,  60  cents. 

1946,  50  cents.  1949,  55  cents.  1952,  75  cents. 

1947,  45  cents.  1950  (out  of  print).  1953,  $1.00. 
Highway  Statistics,  Summary  to  1945.     40  cents. 
Highways  in  the  United  States,  nontechnical  (1954).     20  cents. 
Highways  of  History  (1939).     25  cents. 

Identification  of  Rock  Types  (1950).     Out  of  print. 

Interregional  Highways,  House  Document  No.  379  (1944).  75 
cents. 

Legal  Aspects  of  Controlling  Highway  Access  (1945).     15  cents. 

Local  Rural  Road  Problem  (1950).     20  cents. 

Manual  on  Uniform  Traffic  Control  Devices  for  Streets  and  High- 
ways (1948)  (including  1954  revisions  supplement).     $1.00. 
Revisions  to  the  Manual  on  Uniform  Traffic  Control  Devices 
for  Streets  and  Highways  (1954).     Separate,  15  cents. 

Mathematical  Theory  of  Vibration  in  Suspension  Bridges  (1950). 
$1.25. 

Model  Traffic  Ordinance  (revised  1953).     20  cents. 


PUBLICATIONS  (Continue!) 

Needs  of  the  Highway  Systems,  1955-84,  House  Document  No 
120(1955).     15  cents. 

Principle  of  Highway  Const  ruction  as  Applied  to  Airports,  Flight 
Strips,  and  Other  Landing  Areas  for  Aircraft  (1943).     $2  00 

Progress  and  Feasibility  of  Toll  Roads  and  Their  Relation  to  the 
Federal-Aid  Program,  House  Document,   No.    L39  (1955).     15 

cents. 

Public   Control  of  Highway   Access   and   Roadside    Development 

(1947).     35  cents. 
Public  Land  Acquisition  for  Highway  Purposes  (1943).      10  cents. 
Public   Utility    Relocation    Incident   to   Highway    Improve; 

House  Document  No.  127  (1955).     25  cents. 
Results   of   Physical   Tests   of   Road-Building   Aggregate    (19 

$1.00. 
Roadside  Improvement,  No.  191MP  (1934).     10  cents. 
Selected  Bibliography  on  Highway  Finance  (1951).     60  cents. 
Specifications  for  Construction  of  Roads  and  Bridges  in  National 

Forests  and  National  Parks,  FP-41  (1948).     $1.50. 
Standard    Plans    for    Highway    Bridge    Superstructures    (1953) 

$1.25. 
Taxation  of  Motor  Vehicles  in  1932.     35  cents. 
Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces   (1913). 

10  cents. 
Transition  Curves  for  Highways  (1940).      $1.75. 


MAPS 

State  Transportation  Map  series  (available  for  39  States).  Uni- 
form sheets  26  by  36  inches,  scale  1  inch  equals  4  miles.  Shows 
in  colors  Federal-aid  and  State  highways  with  surface  t; 
principal  connecting  roads,  railroads,  airports,  waterways, 
National  and  State  forests,  parks,  and  other  reservations. 
Prices  and  number  of  sheets  for  each  State  vary — see  Superin- 
tendent of  Documents  price  list  53. 

United  States  System  of  Numbered  Highways  together  with  the 
Federal-Aid  Highway  System  (also  shows  in  color  National 
forests,  parks,  and  other  reservations).  5  by  7  feet  (in  2  sheets), 
scale  1  inch  equals  37  miles.     $1.25. 

United  States  System  of  Numbered  Highways.  28  by  42  inches, 
scale  1  inch  equals  78  miles.     20  cents. 


Single  copies  of  the  following  publications  <ire  available  to 
highway  engineers  and  administrators  for  official  use,  and 
may  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  lioatls.  They  are  not  sold  by  the 
Superintendent  of  Documents. 

Bibliography  on  Automobile  Parking  in  the  United  Stales  (1946). 

Bibliography  on  Highway  Lighting  (1937 

Bibliography  on  Highway  Safety  (1938) 

Bibliography  on  Land  Acquisition  for  Public  Roads  (1917) 

Bibliography  on  Roadside  Control  (1949). 

Express  Highways  in  the  1  fces:  a  Bibliography  (1915). 

Indexes  to  Public   Roads,  volumes  17-19  and  23 

Title  Sheets  for  Public  Roads,  volumes  24   '-'7. 


United  States 
Government  Printing  Office 

DIVISION    OF    PUBUIC    DOCUMENTS 

Washington  25,  D.  C. 


PENALTY    FOR    PRIVATE    USE    TO    AVOID 

PAYMENT    OF    POSTAGE,  $300 

(GPO) 


OFFICIAL    BUSINESS 


If  you  do  not  desire  to  continue  to  receive 
this  publication,  please  check  here  □; 
tear  off  this  label  and  return  it  to  the  above 
address.  Your  name  will  then  be  promptly 
removed  from  the  appropriate  mailing  list. 


DEPARTMENT  OF  COMMERCE  -  BUREAU  OF  PUBLIC  ROADS 

STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 


AS  OF  JUNE  30,    1955 
(Thousand  Dollars) 


f*k 


**".■%■£, 


California 
Colorado 
Connection 

Delaware 

Florida 

Georgia 


l'NPR(X.K  \\l\ll   I) 
l:  \l   AMI  S 


$6,590 
1,879 
7,344 


1,654 

12,815 
15.224 


ACTIVE     PROGRAHJ 


l'K(K,k AMM:  [i  ONLY 


$17,420 
3,837 
9. 764 


18,093 
4,226 
1,534 


$9,502 
2,900 


9,276 
2,387 
__72i 


414.3 

102.1 

^34,4 


250.2 

69.7 

6.7 


$4,881 

3,324 

JU322. 


14,950 
1,043 
1.501 


$2,591 
2,345 
2.340 


7,430 
271 
733 


48.1 
53.2 

48.1 


14.1 
.2 
2«i 


jc-nd 


'   'PNNI  111 '•    I    MM   U    W  \\ 


$44,670 

8,641 
18.850 


122,651 
19,060 
8.456 


$22,626 
6,324 
_9_x464 


60,290 

10,498 

4,159 


7  2.8 
162.7 
504.8 


309.6 

220.4 

10.8 


$66,971 
15,802 
32,993 


155,694 
24,329 
11,491 


$34,719 
11,569 
17,067 


"76,996 
13,156 
5,663 


1,215.2 
318.0 
887.3 


573.9 

290.3 

20.0 


Iowa 

Kansa 

s 

Kentu 

ckj 

Maine 
Maryland 


MassacliuS" 
Michigan 


North  ( Carolina 
North  Dakota 


( Pklnlionia 
( Ircgon 
Pennsylvania 

Rhode  Island 

S h  <  arolina 

South  Dakota 


Virginia 
Washington 

w  .-.1  Virginii 

Wisconsin 

Wyoming 


Rico 


-  4603U 


3,916 
4,608 


1,996 

7,864 
11.409 


5,010 
7,733 

5,634 
5,185 
2,009 
5,204 


13,953 
3,347 

,     ! 


2,259 
8,554 
JU204. 


6, 426 
9,308 

3,690 


13,072 

5,147 

.30, ltd. 


6,767 
3,326 
12,105, 


14,677 
2,929 

. 7,830 


3,047 
6,537 
3,214 
11,940 
18,104 

753__ 

3,394 
12,778 
-3,Q36__ 


10,611 
6,937 
-989 
3,137 
5,346 


25,684 
16,298 


454 
1,,V 
8,224 


6,335 
36,536 
24.904 


21,012 
10,543 
13.196 


4,036 
20,l6l 
13.496 


15.4 
378.7 
J51.6 


94.2 
432.0 
117.4 


2,056 
5,935 
6.018 


5,085 
16,784 
14,696 


1,034 
2,981 
2.480 


4.9 
61.1 
26.5 


12,l6l 

10,714 
20,087 


11,273 
5,455 
6.827 


6,214 

55,995 

9,973 


6,' 
5,649 
10,580 


878.1 
986.1 
359.6 


4,250 

4,933 
8,622_ 


3,337 
9,207 
7,375_ 


112.8 
41.7 
76.3 


6,419 
25,185 

.1,44  ■ 


107.1 
89.7 

60.9 


6,493 

288 

6,417 


2,379 
2,494 
4,710 


11,314 
18,270 
14,535 


3,097 
28,864 

I.. 4-'. 


22,662 
2,047 
4,222 


3,414 
9,315 
9,353 


23.2 
783.3 
466.8 


17,672 

3,094 

23,670 


11,746 
1,711 
2,111 


476.7 
176.7 

286.8 


3,687 
13,107 

'12,776 


4,247 
146 


66.4 

132.4 

70.6 


15,277 
92,483 
53.268 


3,552 
12,967 
24,470 


26,784 
23,857 
32.435 


9,735 
48,265 
27.858 


25.7 
288.9 

20.0 


23,109 

54,585 


8,529 
1,985 

J-5-,321 


1,006.5 

68.3 

2X& 


8,590 
3,780 
3,967 


1,831 
6,674 
6,591 


135.0 
2.4 
15.4 


14,622 
11,897 
16.285 


242.0 
763.4 
177.3 


9,363 
56,804 
73,765 


5,046 

7,925 

56.081 


5,739 
15,710 
16.669 


11,367 
3,622 

27.455 
2,615 
4,723 

29,327 


68.5 
72.9 
96.9 


9,260 

154 

9. 


4,725 
2,092 
2,40S 


6.6 
128.7 
999.0 


39,021 
16,056 
12,366 


135   '- 

_i4a^s_ 


49,040 
42,707 
31,054 


18,386 
8,259 
6,575 


912.5 

883.6 
445.0 


■  '  ,'-  '7 

145,803 

92.868 


378.3 

129.3 

97.0 


52,046 
39,333 
54,253 


■  ,'T 
27,058 
38.870 


4,337 
129 


161.6 
4.6 


28,432 
80,551 
24,910 


22,931 
21,589 
1'  ,217 


424.4 
1,070.6 

1;  :,.:-■ 


4,859 

2,575 
-50,709 


1 6  2.9 
102.4 
116.2 


6,455 

10,874 

5.251 


2,409 

1,667 

24,4SQ 


3,273 
5,384 
2,656_ 


16,633 
19,261 
-2*212 


2,1 
8,357 
_9*6M 


17,130 

2,564 

17.519 


917 
11,022 
17,722 


8,274 
10,512 
_5*292. 


13.1 
416.1 
915.6 


463 
5,534 
-2*916 


306.2 
488.2 
123.4 


14.3 
253.9 

190.9 


185 
1,273 

_  2,228 

5,244 

13,206 

_iJ40„ 


8,577 
1,518 

8,954 


13.4 
89.7 
91.0 
89.3 
782.9 
30.0 


27,534 
7,924 

c,V.'. 


14,658 
41,858 
15,535 


51.5 

411.8 

1.022.7 


698.4 
1,456.4 
515.4 


58,941 

111,809 

53.803 


21,369 

13,330 

200,644 


15,375 
6,631 
4,463 


234.5 
24.1 
42.9 


41,117 
3,787 

64,72.* 


9,661 

8,453 

94,298 


699.4 

139.4 

49.8 


48,336 

102,601 

43.412 


48.2 
217.7 
263.I 


59,456 
10,125 
13.017 


25,346 
16,206 

Q7,8  » 


20,103 

4,557 
30,774 


575.6 
485.9 

127 .  '■ 


43,900 

18,999 

280.023 


13,415 
10,020 
48,486 


93 

749 
I.298 


377,966 


10,471 
16,657 

4_»3Q1 

2,426 

5,225 

-  2,633. 

755,120 


5,335 
8,275 

2 


282 
5,280 
_3*332_ 


2,622 
6,632 
1,225 


5.3 

i  17.9 


38.0 

114.8 

_3i8 


11,338 

18,697 

8.814 


230 
2,468 
1,985_ 


2,394 
5,276 
2,069 


.4 
38.9 
134.3. 


38,515 
83,314 
10.035 


5,682 
9,889 
5.051 


355.0 
242.6 
234.7 


70,681 
26,830 
124,564 


"36".  9 
292.5 
401.0 


47,522 
26,695 
171,490 


1,183 

137 

2,284 


40.0 
67.8 
65.6 


8,823 
22,630 
23.241 


17,448 

.43,944 

7.626 


13,804 
39,570 
J3*5.05_ 


4,530 
11,231 
12,277 


590.7 

1,225.8 

169.4 


17,262 
35,680 
27,711 


60,397 

115,781 

19,687 


86.7 
317.0 
168.0 


.6 
_l£*8_ 


5,478 
12,752 
13,274 


6,947 

19,827 

8.670 


2,452 
6,038 
5.925 


49.0 
542.0 
292.6 


10,022 
38,932 
44,355 


29,039 
66,790 
20,976 


12.7 
2.9 

i5J_ 


10,281 
18,252 
20.583 


5,040 
29,314 
35,174 


17,lo8 
77,633 
48,729 


28,274 
19,846 
27,822 


28,713 
14,054 
20.087 


27,859 
57,127 
28.231 


24,797 
53,265 

27,293 


31,458 
8,471 

6,582 


20,599 
12,105 

134,078 


34,743 

J3>r,§3 
60,885 


24,607 
16,261 
86,767 


3,644 
18,995 
15,992 
"287344" 
61,088 
14,850 


5,223 
19,283 
24,078 


14,676 
33,378 
13,527 


4T830 
8,787 
9,482 


"5570 
728.7 
1,300.1 


449.0 

1,237.1 

371.0 


1,857.0 

2,002.1 

875.2 


620.4 
221.4 
173-3 


81.3 
1,323.8 
2,488.5 


1,310.5 
2,451.9 


L.867.5 

212.3 

76.8 


130.1 
380.3 
451.6 


1,C 

2,339.4 
283.0 


782.4 
369.1 
393.8 


50.0 
713.9 

1,424.5 


1,£ 


934.9 
,828.8 
326.6 


101.4 
609.8 
493.2 


143.4 
938.7 

448.0 


17.9 
10.6 
77.8 


400,623 


14,647.1 


345,574 


177,366 


4,577.8 


1,731,073 


882,843 


19,063.0 


2,831,767 


1,460,832 


38,287.9 


OL.  28,  NO.  10 


OCTOBER 


Public  Roads 

\       JOURNAL       OF       HIGHWAY       RESEARCH 


SEP  26  1955 

CiJLii^rAaON 


U  BLI  SHED    BY 
THE    BUREAU    OF 
PUBLIC    ROADS, 
U  .  S  .  D  E  P  A  R  T  IVI  E  N  T 
OF    COMMERCE. 
WASHINGTON 


In  this  issue:  Traffic  studies  of  the  Maine  and  Pennsylvania  Turnpikes 
(Pennsylvania  Turnpike  between  Gettysburg  Pike  and  Harrisburg-Wes,  Shore  interchanges) 


Public  Roa* 


A     JOURNAL     OF     HIGHWAY     RESEARCH 

l  ol.  28.  No.  10  October  195. 

Published  Bimonthly 

C.  M-  Billingsley,  Editor 


IN  THIS  ISSUE 

Pennsylvania  Turnpike  Traffic  Analysis .......  203 

Traffic  Usage  of  Maine  Turnpike 224 

New  Publication 230 


U.   S.     DEPARTMENT     OF     COMMERCE 

SINCLAIR  WEEKS,  Secretary 

BUREAU  OF  PUBLIC  ROADS 

CHARLES  D.  CURTISS,  Commissioner 


BUREAU   OF   PUBLIC   ROADS 

Washington  25,  D.  C 

DIVISION  OFFICES 


Xo.  1.  718  National  Savings  Bank  Bldg.,  Albany  7 
N.  Y. 
Connecticut,   Maine,   Massachusetts,   New   Hamp 
shire,    New   Jersey,    New    York,    Rhode    Island 
and   Vermont. 

No.  2.  707  Earles  Bldg.,  Hagerstown,  Md. 

Delaware,  District  of  Columbia,  Maryland,  Ohio 
Pennsylvania,   Virginia,  and  West   Virginia 

No.  3.  50  Seventh  St.,  N.  E.,  Atlanta  5,  Ga. 

Alabama,  Florida,  Georgia,  Mississippi,  NorO 
Carolina,  South  Carolina,  Tennessee,  and  Puertt 
Rico 

No.  4.  South  Chicago  Post  Office,  Chicago  17,  111. 
Illinois,  Indiana,  Kentucky,   Michigan,  and  Wis 
consin 

No.  5.  Federal  Office  Bldg.,  Kansas  City  6,  Mo. 
Iowa,    Kansas,    Minnesota,    Missouri,    Nebraska 
North  Dakota,  and  South  Dakota. 

No.  6.  502  U.  S.  Courthouse,  Fort  Worth  2,  Tex. 
Arkansas,  Louisiana,  Oklahoma,  and  Texas. 

No.  7.  Old  Mint  Bldg.,  San  Francisco  3,  Calif. 
Arizona,  California,  Nevada,  and  Hawaii. 

No.  8.  753  Morgan  Bldg.,  Portland  8,  Oreg. 

Idaho,  Montana,  Oregon,  Washington,  and  Alaska 

No.  9.  Denver  Federal  Center,  Bldg.  40,  Denver  2 
Colo. 
Colorado,  New  Mexico,  Utah,  and  Wyoming. 


r 


;anc 
its  i 
lies, 
flas 
item 

'Si 


Public  Roads  is  sold  by  the  Superintendent  of  Documents,  Govern- 
ment Printing  Office,  Washington 25,  D.  C,  at  $1  per  year  (25  cents     ! 
additional  for  foreign  mailing)  or  20  cents  per  single  copy.   Free  dis-     |ji 
tribution  is  limited  to  public  officials  actually  engaged  in  planning  or|| 
constructing  highways,  and  to  instructors  of  highway  engineering. 
There  are  no  vacancies  in  the  free  list  at  present. 

The  printing  of  this  publication  has  been  approved  by'the  Director 
of  the  Bureau  of  the  Budget.  March  17,  1955. 


Contents  of  this  publication  may  be  re- 
printed.    Mention  of  source  is  requested. 


ere  i? 


Ml 


'I     I 

in 
up 


Pennsylvania  Turnpike  Traffic  Analysis 


3Y  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
3UREAU  OF  PUBLIC  ROADS 


Information  regarding  turnpike  usage  was  collected  at  roadside-interview 
stations  on  the  highways  east  of  Harrisburg  and  west  of  Philadelphia  during 
June,  July,  and  August  of  1950  before  construction  of  the  eastern  extension  of 
the  Pennsylvania  Turnpike,  and  on  the  same  highways  and  the  turnpike  in 
1952  after  its  construction. 

Traffic  diversion  to  the  toll  road  teas  much  greater  for  passenger  cars  than  for 
commercial  vehicles,  except  in  the  mountainous  areas  where  the  type  of  vehicle 
or  purpose  of  trip  made  little  difference. 

It  was  found  that  a  much  greater  increase  in  traffic  in  the  vicinity  and  general 
direction  of  the  turnpike  resulted  after  its  opening  than  elsewhere  in  the  State, 
indicating  that  this  facility  generated  a  considerable  amount  of  new  traffic. 

The  travel-time  ratio  and  time  saved  or  lost  were  found  to  be  good  measures 
for  eletermining  the  amount  of  traffic  diverted  from  adjacent  highways.  Traffic 
used  the  toll  road  if  time  could  be  saved,  even  though  the  distance  was  increased; 
hence  the  greater  the  time  saving,  the  greater  the  usage.  Only  a  small  propor- 
tion of  traffic  losing  both  time  and  distance  used  the  toll  road. 

The  toll-road  usage  curves  differ  from  similar  curi^es  established  for  free 
limited-access  highways  in  metropolitan  areas.  It  was  found  that  the  smaller 
the  time  or  distance  saved,  the  greater  the  difference  betiveen  such  curves. 
Traffic  diverted  to  the  Pennsylvania  Turnpike  was  between  two-thirds  arul  three- 
fourths  of  that  which  would  have  been  assigned  from  curves  developed  for  free 
limited-access  highways. 

Vacation,  trips  as  a  whole  accounted  for  greater  usage  of  the  toll  road  than 
trips  for  other  purposes — presumably  because  there  were  a  few  very  short  trips 
and  many  long  trips  with  vacations  as  the  purpose. 

Vehicles  traveling  betiveen  Philadelphia  and  Pittsburgh  used  the  turnpike  to 
a  very  large  extent  regardless  of  purpose  of  trip  and  type  of  vehicle  due  to  the 
large  saving  of  time  for  all  vehicles  and  of  fuel  as  well  for  commercial  vehicles. 


ONE  of  the  most  difficult  problems  facing 
highway  planning  engineers  is  estimating 
he  traffic  which  would  use  improved  highways 
)f  various  classes.  This  is  important  from  the 
joints  of  view  of  economic  justification,  pri- 
vities, and  design  features.  With  present 
:mphasis  on  the  completion  of  the  National 
System  of  Interstate  Highways  the  study  of 
;he  usage  of  controlled-access  highways,  such 
is  will  constitute  a  large  part  of  that  system, 
issumes  special  importance. 

When  a  high-type  facility  is  constructed, 
;here  is  a  large  diversion  of  traffic  from  roads 
immediately  parallel  and  a  lesser  diversion 
from  more  distant  roads.  In  addition,  there  is 
an  increase  in  highway  traffic  throughout  the 
area  which  is  called  traffic  generation.  A  part 
Df  this  increase  is  composed  of  trips  diverted 
from  public  carriers,  and  an  important  part  is 
composed  of  new  trips  which  would  not  have 
been  made  if  the  improved  facility  had  not 
been  available.  Furthermore,  there  is  the 
long-range  traffic  growth  or  trend  which  fol- 
lows generally  the  basic  economic  trend  and 
takes  place  on  highways  of  all  classes  through- 
out the  country. 

In  estimating  traffic  usage  of  a  proposed 
facility,  therefore,  the  engineer  must  concern 
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himself  with  these  three  factors:  Diversion, 
generation,  and  long-range  trend.  To  do  this 
successfully,  empirical  data,  properly  analyzed, 
are  needed.  The  Bureau  of  Public  Roads,  with 
the  cooperation  of  the  various  State  highway 
departments  and  other  agencies,  is  endeavor- 
ing to  supply  these  data  and  analyses  to  the 
extent  practicable. 

Other  Traffic  Studies  Made 

With  regard  to  controlled-access  facilities 
such  as  are  contemplated  in  the  Interstate 
system  standards,  several  studies  have  been 
made  and  reported  for  highways  in  urban 
areas,1  but  very  few  for  those  in  rural  areas. 
There  are  few  controlled-access  free  roads  ex- 
tending for  long  distances  through  rural  areas 
and  these  have  been  opened  to  traffic  only 
recently.  There  are,  however,  several  toll 
roads  or  turnpikes  built  approximately  to 
Interstate  system  standards,  which  have  been 
in  operation  for  a  number  of  years  and  others 
which  are  being  opened  from  time  to  time. 
These  facilities  offer  good  opportunities  for 

i  Traffic  assignment,  Highway  Research  Board,  Wash., 
D.  C,  Bulletin  61,  publication  246,  1952;  also  Gulf  Freeway 
traffic  survey,  Houston,  Texas.  Texas  Highway  Department, 
1951. 
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study,  though  the  deterring  effect  on  traffic  of 
the  toll  charges  offers  a  complicating  factor 
which  must  be  evaluated  in  applying  the  re- 
sults to  free  roads. 

For  a  number  of  years  the  Bureau  of  Public 
Roads  has  cooperated  with  several  States 
through  the  planning  survey  divisions  of  the 
highway  departments  in  studies  of  toll-road 
traffic  in  relation  to  that  on  adjacent  high- 
ways. The  toll  authorities  have  supplied  at 
regular  intervals  information  on  traffic  using 
the  turnpikes.  Such  information,  in  addition 
to  regular  reports  from  the  State  highway  de- 
partments concerning  traffic  volumes  through- 
out the  country,  has  given  a  broad  picture  of 
the  changes  in  traffic  flow  which  result  from  the 
construction  of  modern  toll  roads.  This  in 
itself,  however,  is  not  enough  to  permit 
accurate  traffic  estimates  for  any  particular 
project  under  study. 

Conclusions  which  can  be  drawn  from  this 
type  of  information  are  somewhat  clouded  by 
the  fact  that  there  is  no  differentiation  between 
passenger  car  and  truck  traffic,  or  between 
trips  which  could  conveniently  be  made  on  the 
turnpike  and  those  which  are  purely  local. 
Relations  determined  from  traffic  counts  alone 
would  be  expected  to  vary  widely  in  different 
areas  according  to  the  composition  and  charac- 
teristics of  traffic  in  the  area.  In  order  to  es 
tablish  more  basic  relations,  intensive  traffic 
studies  were  made  on  several  of  the  turnpikes. 
In  these  studies,  drivers  were  interviewed  at 
stations  on  roads  parallel  to  the  turnpike  route 
both  before  and  after  the  opening  of  the  turn- 
pikes, and  at  all  turnpike  interchanges  under 
study  after  its  opening.  Questions  were 
asked  concerning  trip  origins  and  destinations, 
trip  purpose,  and  other  matters  pertinent  to 
the  study. 

Such  studies  were  made  in  Maine,  New 
Hampshire,  New  Jersey,  Pennsylvania  (east- 
ern and  western  extensions),  and  Ohio.  The 
"after"  study  has  not  been  conducted  in  Ohio, 
because  only  one  short  section  has  been  com- 
pleted. In  New  Jersey  the  data  are  being 
analyzed.  The  results  of  the  Maine  Turnpike 
study  have  been  partially  reported  to  the 
Highway  Research  Board  and  a  further  report 
is  included  in  this  issue.2  The  present  article 
reports  the  results  of  the  study  of  the  eastern 
extension  of  the  Pennsylvania  Turnpike  which 
was  opened  to  traffic  in  November  1950. 


«  Proportionate  use  of  Maine  Turnpike  by  traffic  through 
Portsmouth-Portland  corridor,  by  J  C  Carpenter.  Proceed- 
ings of  the  Highway  Research  Board,  vol.  32,  1953,  pp.  452- 
463;  also  Traffic  usage  of  Maine  Turnpike,  by  Glenn  E. 
Brokke.    Pages  224-230  of  this  issue. 
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Figure  1. — Location  of  the  Pennsylvania  Turnpike. 


Pennsylvania  Turnpike  Study 


The  location  of  the  entire  Pennsylvania 
Turnpike  is  shown  in  figure  1.  The  inter- 
changes are  indicated  by  the  numbered  circles, 
and^  mileages  along  the  turnpike  measured 
from  the  western  terminus  are  shown  at  the 
bottom  of  the  illustration. 

The  original  section,  which  was  opened  in 
October  1940,  extends  from  interchange  7  at 
Irwin  (near  Pittsburgh)  to  interchange  16  at 
Carlisle,  a  distance  of  158.9  miles.  A  profile 
of  this  section  of  the  turnpike  and  the  principal 
parallel  free  routes  (U.  S.  30  and  11)  appeared 
in  a  recent  article  in  Public  Roads.3  The 
grades  on  the  turnpike  are  much  lighter  and 
the  total  rise  and  fall  much  less  than  on  the 
parallel  free  route.  The  rise  and  fall  on  the 
turnpike  (original  section)  is  11,327  feet,  com- 
pared to  26,257  feet  on  the  free  route.  The 
comparatively  low  grades  and  saving  in  climb 
have  much  to  do  with  the  high  usage  of  this 
section  of  the  turnpike  especially  by  trucks. 

The  eastern  extension  of  the  turnpike, 
which  was  opened  in  November  1950,  extends 
from  interchange  16  at  Carlisle  to  interchange 
24  at  Valley  Forge  (near  Philadelphia),  a 
distance  of  100.9  miles.  It  was  on  this  section 
that  the  intensive  traffic  study  was  made. 
Origin  and  destination  stations  were  operated 
in  1950  on  one  line  just  east  of  Harrisburg  and 
on  a  second  line  about  20  miles  west  of  Phila- 
delphia  before  the  turnpike  was  completed, 

•  Operating  characteristics  of  a  passenger  car  on  selected 
routes,  by  Carl  C.  Saal.  Public  Roads,  vol.  28,  No.  9, 
Aug.  1955,  p.  181. 
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and  in  1952  after  its  construction.  The  loca- 
tion and  types  of  survey  stations  are  shown  in 
figure  2,  which  is  an  enlargement  of  the  study 
area. 

There  were  15  identical  interview  stations 
operated  on  the  highways  in  the  "before"  and 
"after"  studies  made  during  June,  July,  and 
August  of  each  of  the  2  years.  Additional 
interview  stations  were  located  at  the  turnpike 
interchanges  and  at  3  locations  on  the  free 
highways  in  the  after  study.  The  stations 
were  occupied  on  approximately  the  same 
dates  in  each  year  for  the  same  number  of 
hours.  The  duration  of  the  operations  was 
for  at  least  a  full  24-hour  period  on  weekdays  in 
June,  July,  or  August.  Additional  24-hour 
operations  were  made  on  Saturday  and  Sunday 
at  a  limited  number  of  locations. 

The  topography  along  this  section  of  the 
turnpike  is  generally  level  as  compared  with 
the  rugged  terrain  through  which  the  original 
section  was  built.  There  are  four  or  more 
parallel  routes  in  the  eastern  section  from 
which  traffic  is  diverted. 

Since  the  major  parallel  routes  are  high-type 
and  well-maintained  highways,  the  big  traffic 
obstacle  in  this  area  is  the  large  number  of 
towns  and  cities  located  on  the  regular  routes. 
Such  places  cause  traffic  to  slow  down  even 
when  highways  are  adequate.  During  peak 
hours  the  highways  in  and  near  these  munici- 
palities are  congested,  and  delays  at  such  times 
may  be  considerable. 

During  the  survey  the  routes  connecting 
Valley  Forge  with   Philadelphia  were  inade- 


quate to  serve  properly  the  volume  of  traffi 
delivered  by  the  turnpike.  There  was  litt] 
choice  between  the  routes  from  Valley  Forgi 
and  from  Paoli  on  U.  S.  30  to  Philadelphh 
Both  offered  traffic  resistance,  especially  durin 
peak  traffic  periods.  An  expressway  is  unde 
construction  between  Valley  Forge  and  Phik 
delphia  which  will  relieve  this  situation  an 
may  cause  greater  turnpike  usage  than  o( 
curred  in  1952. 

The  turnpike  has  a  minimum  right-of-wa 
width  of  200  feet,  and  has  four  12-foot  traffi 
lanes  divided  by  a  10-foot  median  strip  i 
addition  to  acceleration  and  deceleration  lane 
at  interchanges.  There  are  10-foot  pave* 
shoulders.  The  maximum  grade  is  3  percenl 
the  maximum  curve  is  6  degrees,  and  the  mini 
mum  sight  distance  is  1,000  feet. 

The  average  distance  between  interchange 
in  the  327.2  miles  between  the  Ohio  State  lin 
and  Valley  Forge  is  14.2  miles.  The  shortes 
section,  5.4  miles,  crosses  the  Susquehann 
River  south  of  Harrisburg  between  intei 
changes  18  and  19,  and  adjoins  the  longes 
section  on  the  eastern  extension  which  is  1 
miles  in  length  and  connects  interchanges  1 
and  20. 

The  speed  limit  for  passenger  vehicles  oj 
the  turnpike  is  60  miles  per  hour  M-est  o 
Breezewood,  on  the  original  section,  and  7l 
miles  per  hour  east  of  that  point  including  th 
eastern  extension.  It  is  45  and  50  miles  pe 
hour,  respectively,  for  all  other  vehicles  ex 
cept  where  lower  speeds  are  posted,  such  as  ii 
tunnels  and  at  toll-gate  approaches. 
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Table  1. — Number  of  trips  between  interchanges  on  the  Pennsylvania  Turnpike  intercepted 
on  the  eastern  extension  during  an  average  summer  weekday  in  1952 


Interchange 

Tar- 
lisle 

(16) 

Gettys- 
burg 
Pike 

(17) 

Harris- 
burg- 
West 
Shore 

(18) 

Harris- 
burg 
East 

(19) 

Leba- 
non- 
Lan- 

caster 

(20) 

Read- 
ing 

(21) 

Morgan- 
town 

(22) 

Down- 
ing- 
town 

(23) 

Valley 
Forge 

(24) 

Total 

1  Ohio  State  line 

850 

23 
18 
54 
33 
193 

325 
226 
122 
70 
198 
109 

33 
26 
27 

118 
2 
1 

13 
5 

45 

56 
48 
26 

9 
22 

9 

6 

6 

5 

31 

224 

9 

8 

48 

10 

101 

73 

74 
39 
24 
62 
7 

12 
13 

2 

87 
96 

410 
21 
10 
34 
27 

198 

119 
143 

57 
28 
101 
34 

12 

18 

12 

281 

400 

1,401 

184 
3 

7 
11 
15 

57 

31 
52 
15 
15 
22 
10 

3 
1 
1 

61 

54 
78 

140 

291 

3 

5 

16 

13 

98 

43 

59 
14 
26 
57 
29 

6 

58 

398 
14 
18 
36 
35 

174 

91 
75 
35 
32 
78 
34 

7 
4 
19 
65 
17 
61 

233 

63 
86 
194 

2,509 
41 
56 
113 
60 
746 

314 
526 
171 
123 
314 
73 

27 

25 

17 

373 

145 

307 

1,072 
355 
363 
394 
233 

5,042 
116 
124 
329 
200 

1,642 

1,066 
1,219 
486 
328 
867 
308 

107 

95 

83 

999 

763 

1,913 

1,643 
495 
516 
588 
233 

1 

4 

2 

30 

14 
16 
7 
1 

13 
3 

1 
2 

4  Butler  Valley.   

11  Bedford -- 

13  Fort  Littleton 

14  Willow  Hill 

16  Carlisle. __ 

86 
44 
52 

147 
36 

15 

7 
14 

51 
41 

67 

17  Gettysburg  Pike.  

18  Harrisburg-West  Shore 

19  Harrisburg  East. 

22  Morgantown 

Total 

>  2,  307 

402 

889 

3,306 

760 

1,025 

347 

1,769 

8,357 

19, 162 

1  Trips  off  or  on  at  Carlisle  and  traveling  to  or  from  the  west  did  not  use  the  eastern  extension. 


Traffic  Between  Interchanges 

The  average  daily  traffic  volume  on  all  sec- 
tions of  the  turnpike,  in  the  summer  and 
throughout  the  year,  is  shown  in  figure  3. 
Saturdays  and  Sundays  as  well  as  weekdays 
are  included.  The  volume  on  the  original 
section  is  greater  than  that  on  either  the 
eastern  or  western  extension.  The  summer 
traffic  is  about  29  percent  greater  than  the 
average  annual  traffic. 

The  trips  intercepted  on  the  eastern  exten- 
sion of  the  turnpike  were  analyzed  on  the 
basis  of  point  of  entry  and  point  of  exit  to 
determine  their  travel  on  the  turnpike.  The 
results  are  shown  in  figure  4  for  an  average 
summer  weekday. 

The  hatching  at  the  bottom  of  the  chart 
indicates  the  trips  over  the  whole  length  of 
the  Pennsylvania  Turnpike  between  the  Ohio 
State  line  and  Valley  Forge.  The  next  group 
includes  vehicles  on  trips  that  used  the  full 
length  of  the  eastern  extension  extending  from 
Valley  Forge  to  Carlisle  or  farther  west.  The 
third  group  of  trips  are  those  intercepted  at 
Valley  Forge  which  are  shorter  than  the  length 
of  the  eastern  extension.  This  accounts  for 
the  total  trips  at  Valley  Forge.  The  remain- 
ing trips  are  those  which  do  not  extend  to 
Valley  Forge,  but  enter  or  leave  the  turnpike 
between  Carlisle  and  Downingtown.  The 
latter  group  includes  trips  entirely  on  the 
eastern  extension  as  well  as  those  on  all  or 
portions  of  the  turnpike  west  of  Carlisle. 

The  apparent  decrease  in  turnpike  use  west 
of  the  eastern  extension  is  due  to  the  omission 
in  figure  4  of  all  trips  which  enter  and  leave 
the  turnpike  between  the  Ohio  State  line  and 
a  point  west  of  Carlisle.  Such  trips  were  not 
sampled  in  the  eastern  extension  study. 

The  length  of  that  portion  of  a  trip  which 
lies  between  the  termini  of  a  controlled-access 
facility  is  important  in  determining  diversion 
to  the  facility.  It  is  of  particular  interest  to 
note  some  of  the  results  found  in  this  study 
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regarding  the  length  of  that  portion  of  the 
trips  found  on  the  turnpike  itself.  There 
were  2,509  vehicles,  making  up  approximately 
25  percent  of  the  vehicle-mileage  on  the  east- 
ern extension  of  the  Pennsylvania  Turnpike, 
that  used  the  entire  327  miles  in  traveling  be- 
tween the  Ohio  line  and  Valley  Forge.  An- 
other 2,979  vehicles  traveled  at  least  the  101 
miles  of  the  eastern  extension  between  Valley 
Forge  and  Carlisle.  This  number  of  trips 
adds  to  55  percent  of  the  vehicle-mileage  on 
the  eastern  extension  during  the  summer 
months.  That  is,  during  the  period  of  the 
survey,  more  than  one-half  of  the  vehicle- 
miles  of  travel  on  the  eastern  extension 
resulted  from  through  trips  on  it  (see  fig.  4 
and  table  1).  Almost  two-thirds  of  the 
vehicles  intercepted  at  Valley  Forge  traversed 
the  whole  length  of  the  eastern  extension. 

There  were  19,162  trips  intercepted  in  the 
1952  study  on  the  eastern  extension.  Of  this 
total,  2,307  vehicles  were  off  or  on  at  Carlisle 
traveling  to  or  from  the  west  and  did  not  use 
the  eastern  extension. 

Table  2  shows  the  percentage*-  of  the  turn- 
pike trips  and  of  the  vehicle-mileage  by  these 
trips,  on  different  lengths  of  the  turnpike. 
For  example,  8.0  percent  of  the  turnpike  trips 
were  less  than  10  miles  in  length,  and  ac- 
counted for  only  0.3  percent  of  the  turnpike 
vehicle-mileage.     All  but  38.6  percent  of  the 


trips  were  for  distances  greater  than  100  mile 
and  all  but  9.7  percent  of  the  turnpike  vehicle 
mileage  was  due  to  these  long  trips.  Thi 
information  is  presented  graphically  in  figure  I 

The  average  length  of  the  turnpike  portio 
of  the  trip  was  163.7  miles  which  is,  of  course 
less  than  the  average  length  of  trip  from  origi 
to  destination.  This  figure  is  somewhat  mis 
leading,  however,  since  stations  were  operate 
only  on  the  eastern  extension  and  short  trip 
between  interchanges  on  the  other  section 
were  not  included  in  the  sample,  whereas  all  c 
the  through  trips  were  included. 

The  average  trip  length  determined  fror 
tickets  for  all  types  of  vehicles  for  the  whol 
turnpike  was  98  miles  for  the  year  1952  an 
105  miles  for  the  period  of  the  survey.  If  onl 
the  mileage  on  a  particular  section  is  cor 
sidered,  the  annual  average  length  of  trips  wa 
as  follows:  Eastern  extension,  55  mile: 
original  section,  97  miles;  and  the  wester 
extension,  39  miles. 

Traffic  Diversion  and  Generation 

As  previously  mentioned,  the  traffic  tha 
uses  a  new  facility  is  composed  of  both  diverte 
and  generated  traffic.  It  is  difficult  to  sepa 
rate  the  amount  diverted  from  the  amoun 
generated. 

Diverted  traffic  is  composed  of  vehicle 
traveling  over  existing  roads  before  the  cor 
struction  of  a  new  facility,  and  then  transfei 
ring  to  the  new  route  after  its  completior 
When  there  is  a  saving  in  time,  driver 
generally  transfer  to  a  high-type  free  facilitj 
Fewer  of  such  trips  are  diverted  to  a  toll  road 
It  is  desirable  to  determine  what  proportion  c 
eligible  or  potential  trips  between  particula 
zones  actually  use  the  toll  road  and  whethe 
time  or  distance  is  saved. 

The  term  "generated  traffic"  as  used  b; 
highway  engineers  in  various  areas  of  th 
country  often  has  different  meanings.  Th 
American  Association  of  State  Highwa 
Officials  has  elefined  the  term  in  one  of  it 
publications.4  As  used  in  this  article,  hov 
ever,  generated  traffic  refers  to  the  amount  1 
traffic  using  a  new  road,  plus  that  on  the  ol 
roads  in  the  corridor,  less  the  amount  tha 
would  have  been  expected  on  the  old  highway 
had  not  the  new  facility  been  constructee 
That  is,  additional  trips  made  over  and  abov 
those  diverted  from  nearby  roads  to  the  ne^ 
facility — generally  those  which  were  not  mad 


*  A  policy  on  geometric  design  of  rural  highways.  America 
Association  of  State  Highway  Officials,  Wash.,  D.  C,  19& 
p.  66. 


Table  2. — Number  of  trips  and  vehicle-miles  of  travel  by  turnpike  trip-length  groups 


Trip  length,  in  miles 


Under  10 

10-25 

25-50 

50-100-_. 
100-200. . 
200-300.. 
300-327.. 


Trips  for  all  vehicles 


Total  for  group 


Number 


1,528 
1,543 
1,389 
2,935 
3,  505 
5,314 
2,948 


Percent 
of  total 


8.0 
8.1 
7.2 
15.3 
18.3 
27.7 
15.4 


Cumulative  total 


Number 


1,528 
3,071 
4,460 
7,395 
10.  900 
16,  214 
19, 162 


Percent 
of  total 


8.0 
16.1 
23.3 
38.6 
56.9 
84.6 
100.0 


Vehicle-miles  of  travel 


Total  for  group 


Number 


8,436 

24, 851 

50, 929 

221,  631 

548,  440 

1,325,247 

958,011 


Percent 
of  total 


0.3 

.8 

1.6 

7.0 

17.5 

42.3 

30.5 


Cumulative  total 


Number 


8,436 

33, 287 

84,216 

305, 847 

854, 287 

2, 179,  534 

3, 137,  545 


Percent 
of  total 


0.3 

1.1 

2.7 

9.7 

27.2 

69.5 

100.0 
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Figure  7. — Map  of  Pennsylvania  indicating  2-digit  zones. 
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Figure  8. — Map  of  Pennsylvania  indicating  3-digit  zones. 
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at  all,  or  were  made  by  other  means  before  the 
new  facility  was  built.  It  is  also  possible  that 
some  trips  were  included  which  were  diverted 
from  roads  so  far  away  that  they  did  not  pass 
any  of  the  survey  stations.  Some  of  the 
generated  traffic  occurs  on  free  highways  due 
to  the  transfer  of  former  traffic  to  the  toll 
facility,  thereby  making  the  old  roads  more 
attractive.  The  additional  traffic,  above 
diversion,  that  occurs  on  the  new  road,  how- 
ever, is  of  principal  interest . 

In  addition  to  the  diverted  and  generated 
traffic,  it  often  happens  over  a  period  of  years 
thai  additional  traffic  results  from  the  develop- 
ment of  new  communities,  industries,  and 
businesses  along  the  new  highway.  This 
development  traffic,  unless  if  occurs  almost 
immediately  after  the  opening  of  the  facility, 
is  not  recognizable  as  generated  traffic,  but 
appears  rat  her  as  a  faster  i  han  normal  growth. 

Origin  and  Destination  Zones 

The  comparison  of  travel  time  and  distance 
<ni  the  old  highways  between  major  points  or 
zones  with  the  travel  time  and  distance  be- 
tween the  same  points  or  zones  by  way  of  the 
new  highway,  and  other  relations  based  on 
these  factors,  provide  tools  for  estimating  the 
usage  of  a  proposed  facility.  Trips  between 
zones  need  to  he  analyzed  to  determine  the 
percentages  of  (rips  that  actually  use  the  new 
and  superior  route. 
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As  the  basis  for  such  an  analysis,  Pennsyl- 
vania as  well  as  the  rest  of  the  country  was 
divided  into  geographic  zones.  Compara- 
tively small  zones  designated  by  three-digit 
numbers  were  first  selected,  but  a  preliminary 
review  of  the  data  indicated  they  were  too 
small  for  proper  analysis.  After  studying  the 
detailed  trip  movements  between  individual 
zones,  certain  of  the  smaller  zones  were  com- 
bined into  two-digit  zones  to  facilitate  the 
analysis  of  the  data. 

Figure  6  shows  both  two-  and  three-digit 
zones  for  the  United  States  except  Pennsyl- 
vania. Two-  and  three-digit  zones  for 
Pennsylvania  are  shown  in  figures  7  and  8, 
respectively. 

Time  and  Distance  Data 

Time  and  distance  runs,  "floating  with 
traffic,"  were  made  on  the  turnpike  and  the 
highway  routes  between  zone-.  The  time  and 
distance  over  logical  free  highways  from  origin 
to  destination  and  via  the  turnpike,  using  the 
most  logical  free  routes  to  and  from  the  turn- 
pike, were  compared. 

Based  on  nationwide  speed  studies  and  data 
from  the  Pennsylvania  Turnpike  Commission, 
the  difference  in  speed  between  passenger  cars 
and  commercial  vehicles  was  established  as 
being  generally  .">  miles  per  hour.  That  is,  if 
passenger  cars  traveled  at  10  miles  per  hour, 
trucks  were  assumed  to  travel  at  35  miles  per 
hour.     Where  the  speed  was  very  low,  20  miles 


. 


per  hour  or  under,  truck  speeds  were  assume 
to  be  the  same  as  for  passenger  cars.  Th 
passenger-car  speed  on  the  turnpike  was  estal: 
lished  at  57  miles  per  hour,  and  for  commerch;  f 
vehicles,  52  miles  per  hour  on  the  eastern  ei 
tension  and  49  miles  per  hour  on  the  remainde 
of  the  turnpike. 

The  average  speed  on  the  turnpike  is  a] 
proximately  that  of  the  driving  speed.  Ilov 
ever,  on  regular  highways  the  average  spee 
is  much  below  the  driving  speed  on  the  ope 
highway.  It  is  for  this  reason  that  speed 
used  for  free  highways  in  this  study  are  belo 
speeds  reported  in  general  by  State  agencii 
and  by  the  Bureau  of  Public  Roads  for  run 
highways.  The  speeds  ordinarily  report e 
are  for  level  tangents  on  the  open  road,  an 
do  not  reflect  the  time  lost  passing  throug 
towns  and  cities,  or  driving  on  tortuous  curve 
and  in  hilly  terrain.  Time  in  this  study  ii 
eludes  that  for  passing  through  the  man 
towns  found  in  Pennsylvania,  or  from  cente 
tu  center  of  the  municipalities. 

An  additional  factor  was  involved  for  trij:  j 
via  the  turnpike.  Extra  time  and  distanc 
were  required  to  get  on  the  turnpike,  pick  u 
the  ticket,  pay  the  toll  on  leaving,  and  ret  in- 
to the  regular  highway.  These  actions  addci 
about  1  mile  in  distance  and  4  minutes  in  time 
on  the  average.  ( lonsequently,  t hese  amount 
were  added  to  turnpike  data  before  computin 
the  time  and  distance  ratios,  and  time  or  dis 
tance  saving  or  loss. 
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i  Figure  11. — Turnpike  usage  by  passenger  cars  in  relation,  to  the 
distance  ratio. 


Figure  12. — Turnpike  usage  by  commercial  vehicles  in  relation  to 
the  distance  ratio. 


The  data  developed  were  on  a  zone-to-zone 
basis,  as  previously  indicated,  and  the  travel 
feme  and  distance  between  the  centers  (usu- 
ally, but  not  necessarily  the  geographic  cen- 
ters) of  zones  via  logical  routes  and  via  the 
turnpike  were  computed.  Where  zones  are 
forge,  it  is  possible  that  trips  from  that  por- 
tion of  the  zone  nearest  the  facility  will  use 
it  to  a  larger  extent  than  those  farthest  away. 
The  use  of  actual  origins  and  destinations  for 
individual  trips  would  result  in  more  accurate 
ratios,  but  analysis  in  such  detail  would  be 
time  consuming,  costly,  and  impracticable  in 
this  study.  In  any  event,  the  application 
would  ordinarily  be  by  zones  ana  the  method 
used  was,  therefore,  in  keeping  with  the 
normal  application  of  the  results. 

Experience  in  analysis  of  the  Pennsylvania 
data  indicates  that  the  use  of  a  toll  road  by 
drivers  is  not  always  determined  on  the  basis 
of  saving  of  time  or  distance.  For  example,  it 
was  found  that  some  of  the  motorists  paid  toll 
to  use  the  turnpike,  even  though  they  lost  both 
time  and  distance  in  so  doing.  Some  of  them 
probably  did  not  know  whether  they  could 
save  time  by  using  the  turnpike,  while  others 
perhaps  did  so  intentionally  preferring  to  use 
a  high-type  facility.  Notwithstanding  a  cer- 
tain amount  of  erratic  behavior  of  this  kind, 
time  and  distance  relations  do  seem  to  be 
fairly  reliable  measures  of  the  percentage  use 
of  the  turnpike  by  trips  between  different 
pairs  of  zones. 
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Turnpike  Usage  Related  to  Time  and 
Distance 

The  percentage  of  trips  on  the  turnpike  was 
determined  in  relation  to  time  ratio  (travel 
time  via  the  turnpike  divided  by  travel  time 
via  free  routes),  distance  ratio  (travel  dis- 
tance via  turnpike  divided  by  travel  distance 
via  free  routes),  products  of  these  ratios,  and 
amount  of  time  saved  and  lost  for  passenger 
cars  and  commercial  vehicles  separately.  So 
far  as  is  known,  this  is  the  first  time  such 
relations  have  been  established  for  a  toll  road. 

First,  the  percentage  of  turnpike  use  was 
plotted  separately  for  eaeli  zone-to-zone  move- 
ment. This  resulted  in  considerable  scatter, 
largely  because  of  the  small  number  of  trips 
between  some  of  the  zones.  To  determine  the 
final  curves  for  the  various  factors  in  relation 
to  turnpike  usage,  it  was  therefore  considered 
desirable  to  combine  the  ratios  or  minutes 
saved  or  lost  into  groups.  These  were  aver- 
aged both  for  turnpike  usage  and  for  ot  her 
factors  to  obtain  central  points  through  which 
the  final  curves  were  drawn. 

In  most  instances,  it  was  found  that  a  simple 
average  of  the  percentage  turnpike  use  be- 
tween pairs  of  zones  falling  into  the  same 
group  of  ratios  or  minutes  was  preferable  to 
an  average  weighted  in  accordance  with  the 
number  of  trips  between  each  pair  of  zones. 
This  was  likely  due  to  the  very  large  number 
of  trips  from  certain  urban  zones  where  the 


usage  ratio  was  not  comparable  to  those  for 
other  zones.  By  weighting  in  such  cases,  the 
unusual  movement  had  entirely  too  much 
influence  on  the  curve. 

Turnpike  Usage  Related  to  Time 
liatio 

Time  ratios  for  trips  between  the  \ 
zones  were  computed  for  passenger  cars  and 
commercial  vehicles  separately.  The  percent- 
age of  turnpike  use  was  plotted  against  the 
time  ratios,  grouped  as  previously  explained. 
The  resulting  curves  are  shown  in  figures  it 
and  10. 

The  time  ratio  was  computed  by  dividing 
the  travel  time  for  the  toll  facility  by  the  travel 
time  for  regular  highways.  The  time  required 
to  travel  the  separate  routes  was  obtained 
from  runs  made  by  the  floating-car  method  as 
previously  indicated. 

In  case  the  trip  extended  beyond  the  ends 
of  the  turnpike,  time  and  distance  were  not 
figured  for  the  entire  trip  in  computing  ratios. 
but  for  onlj  thai  portion  within  the  turnpike 
area.  In  this  procedure,  "points  of  choice" 
were  designated;  that  is,  for  computation 
purposes,  the  termini  of  the  longer  trips  were 
considered  as  the  points  where  drivers  made  a 
choice  of  whether  the  turnpike  would  be  used. 
The  reason  for  using  this  procedure  is  that 
travel  time  and  distance  for  the  portion  of  a 
trip  lying  beyond   the  turnpike  area  are  the 
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same'for  trips  made  on  the  turnpike  and  those 
which  arc  not,  and  the  ratios  tend  to  approach 
ii iii i  beyond  the  turnpike  area 

ases. 

The  effect  on  time  ratios  of  that  portion  of 
the  trip  not  eligible  to  use  the  turnpike  may 
l>c  illustrated  as  follows:  Passenger-car  trips 
between  the  Ohio  State  line  and  Philadelphia 
have  a  time  ratio  of  0.65  for  which  the  curve 
in  figure  9  indicates  a  92-percent  turnpike 
usage.  An  extra  100  miles  beyond  the  turn- 
pike causes  an  increase  to  0.73  of  the  time 
ratio  with  a  consequent  reduction  of  indicated 
turnpike  usage  to  85  percent  as  determined 
from  the  curve.  An  increase  in  trip  length  of 
1,000  miles  increases  the  time  ratio  to  0.91 
and  reduces  the  indicated  turnpike  usage  to 
33  percent. 

This  means  that  the  three  groups  of  trips 
considered,  which  could  be  made  on  the  turn- 
pike between  the  Ohio  line  and  Philadelphia 
and  save  the  same  amount  of  time,  would  have 
three  different  time  ratios,  and  the  turnpike 
usage  on  the  basis  of  the  time-ratio  curve 
would  be  92,  85,  and  33  percent,*respectively. 

It  has  been  definitely  established  that 
approximately  the  same  percentage  of  trips 
are  made  on  the  Pennsylvania  Turnpike 
between  zones  west  of  the  Ohio  line  and 
Philadelphia  or  east  of  the  Delaware  River, 
regardless  of  whether  the  origin  is  near  the 
turnpike  or  at  points  as  far  away  as  the  west 
coast  or  New  England.  Therefore,  for  trips 
with  termini  beyond  the  turnpike  where 
drivers  could  logically  use  either  the  turnpike 
or  a  parallel  road,  a  point  of  choice  was  estab- 
lished before  computing  time  and  distance 
ratios.  Trips  with  origin  or  destination  west 
of  Pennsylvania  were  assigned  the  Ohio  line 
as  an  approximate  point  of  choice.  Deerfield, 
Ohio,  was  used  for  points  to  the  north,  such  as 
Cleveland,  Ohio,  and  Michigan;  Canton,  Ohio, 
for  trips  normally  using  U.  S.  30;  and  Wash- 
ington, Pa.,  for  trips  between  the  southwest 
and  east  that  pass  through  the  Pennsylvania 
corridor.  It  was  found  that  a  point  of  choice 
appeared  to  be  near  Somerville,  N.  J.,  for 
trips  with  origin  or  destination  in  northern 
New  Jersey  and  beyond  Somerville. 

Because  the  points  of  choice  are  definite 
points  on  the  highway,  the  time  and  distance 
ratios  for  trips  extending  beyond  the  turnpike 
area  are  more  accurate  than  the  ratios  for 
trips  with  both  termini  within  the  turnpike 
area,  where  time  and  distance  are  measured 


Table  3. — Standard  error  of  estimate  of 
percentage  of  turnpike  use  based  on  the 
variation  of  points  from  a  final  curve  in 
each  category 


Turnpike  usage  criteria 

Standard  error  of 
percentage  of  turn- 
pike use  for — 

Passenger 
cars 

Commer- 
cial 
vehicles 

Time  ratio: 

Percent 

12.3 

6.2 

2.2 

.9 

21.2 

11.8 

4.4 
1.2 

13.9 

10.3 
4.3 
2.7 

12.6 

13.3 
4.1 
2.7 

11.9 

8.5 
7.8 
3.4 

Percent 

17.1 

11.9 
4.3 
2.8 

24.2 

11.6 
5.3 
4.3 

17.8 

13.2 
3.8 
1.3 

18.2 

16.6 
6.5 
2.9 

13.5 

12.9 
11.7 
11.1 

5.6 

Averages  of — 

0.05  ratio  groupings 

0.10  ratio  groupings..  ...  . 

Distance  ratio: 

Averages  of— 

0.05  ratio  groupings 

0.10  ratio  groupings 

Product  of  time  and  distance 
ratios: 

Averages  of— 

0.05  ratio  groupings 

0.10  ratio  groupings 

Product  of  time  ratio  squared 
and  distance  ratio: 

Averages  of— 

0.05  ratio  groupings 

0.10  ratio  groupings 

Time  differential  (time  saved  or 
lost): 
Individual  points - 

Averages  of  groupings  by— 

H>-minute  intervals 

15-minute  intervals...  .  .. 

from  center  to  center  of  zone.  In  the  latter 
case,  the  time  and  distance  for  many  of  the 
trips  differ  materially  from  the  measurements 
because  origins  and  destinations  may  be  near 
the  edge  rather  than  the  center  of  the  zone. 
This  is  one  of  the  factors  causing  the  previ- 
ously mentioned  scatter  in  the  plotted  points 
for  zone-to-zone  movements. 

There  are  other  important  factors,  however, 
contributing  to  this  scatter.  Drivers  do  not 
all  travel  at  the  same  speed,  so  the  time  ratios 
between  the  same  points  vary  among  drivers. 
Also,  the  ease  of  driving  on  the  turnpike  ap- 
peals to  some  more  than  others  and  where  a 
toll  is  involved,  the  financial  status  of  indi- 
viduals has  an  important  bearing  on  the 
choice  of  route. 

Because  of  these  factors,  it  is  impossible  to 
determine  whether  a  particular  trip  will  be 
made  on  the  turnpike,  particularly  if  the  time 
ratio  is  between  0.85  and  1.05,  bufrit  is  possible 
to  determine  with  a  reasonable  degree  of  ac- 


curacy the  percentage  of  drivers  that  will  d< 
so.  Within  reasonable  limits,  therefore,  it  is 
possible  to  assign  trips  to  a  turnpike  on  the 
basis  of  the  time  ratio. 

In  the  method  of  grouping  used,  the  varia 
tions  just  mentioned  have  been  ironed  out; 
and  the  plotted  points  for  the  groups  shown 
as  X's  in  the  figures  fall  very  close  to  a  smooth 
curve,  as  in  figures  9  and  10,  for  example 
Before  deciding  upon  the  groupings  shown, 
other  smaller  groupings  were  tried  and,  in 
some  instances,  the  shape  of  the  curve  was 
influenced  to  some  extent  by  these  smallei 
groupings. 

From  the  curve  in  figure  9,  the  proportion  oi 
turnpike  usage  can  be  read  for  the  time  ratios 
computed  for  travel  of  passenger  cars  between 
zones.  For  example,  when  the  time  ratio 
was  0.67  or  less,  90  percent  or  more  of  the 
trips  were  made  on  the  turnpike.  For  a  time 
ratio  of  0.80,  the  percentage  use  approximated 
69  percent;  for  0.90,  it  was  35  percent;  foi 
1.00  or  equal  time  via  the  turnpike  and  via 
the  free  road,  it  approximated  19  percent 
Because  of  higher  speeds  the  distance  via  the 
turnpike  was,  of  course,  greater  than  the  dis- 
tance via  the  free  routes  when  travel  time  was 
equal;  and  it  would  appear  that  almost  one- 
fifth  of  the  drivers  traveled  this  extra  distance, 
saved  no  time,  and  yet  paid  toll.  This  is  not 
necessarily  true,  however,  because  some  of 
these  drivers  may  actually  have  had  lower 
time  ratios  because  of  the  location  of  their 
origins  and  destinations  within  zones,  driving 
habits,  or  other  factors.  The  turnpike  usage 
dropped  to  7  percent  at  time  ratio  1.10  and 
was  down  to  about  2  percent  at  1.20. 

The  curve  for  commercial  vehicles  shown 
in  figure  10  was  drawn  on  the  basis  of  group 
ings  similar  to  those  used  in  plotting  figure  9! 
for  passenger  cars.  The  curve  for  commercial 
vehicles  is  somewhat  steeper,  and  there  is,  on 
the  whole,  a  lesser  percentage  of  turnpike  use 
for  commercial  vehicles  than  for  passenger 
cars.  For  the  whole  curve,  assuming  even 
distribution  throughout,  approximately  three- 
fourths  as  great  a  percentage  of  commercial 
vehicles  as  passenger  cars  used  the  turnpike 
This  percentage,  of  course,  varies  according 
to  where  the  trip-time  ratio  falls  on  the  curve 

Figure  14  (Right). — Turnpike  usage  by 
commercial  vehicles  in  relation  to  th 
product  of  time  and  distance  ratios. 


Table    1. — Through    trips   of  passenger   ear,   commercial,    and    total    vehicles   between    selected    cities,    together   with    the   number   and 

percentage  of  trips  using  the  turnpike  on  an  average  summer  weekday,  1950—52 


Year  and  location 

Passenger  cars 

Commercial  vehicles 

All  vehicles 

Using  turnpike 

Total 

Combinations 

Other  commercial 

All  commercial 

Using  turnpike 

Total 

Num- 
ber 

Percent 
of  total 

Using  turnpike 

Total 

Using  turnpike 

Total 

Using  turnpike 

Total 

Num- 
ber 

Percent 
of  total 

Num- 
ber 

Percent 
of  total 

Num- 
ber 

Percent 
of  total 

Num- 
ber 

Percent 

of  total 

1950: 

Pittsburgh-Philadelphia 

171.1 

209.4 
184.9 

227. 1 
497.6 

87.3 

91.0 
89.7 

88.5 
75.6 

196.1 

230.1 
206.1 

256.5 
658.2 

170.7   . 

171.8 
37.3 

102.6 
25.4 

90.7 

95.6 
94.2 

86.0 
22.6 

188.1 

179.7 
39.6 

189.1 
112.3 

33.7 

36.7 
6.5 

26.9 
37.9 

87.3 

80.5 
100.0 

82.8 
59.4 

38.6 

45.6 
6.5 

32.5 
63.8 

204.4 

208.5 
43.8 

189.5 
63.3 

90.2 

92.5 
95.0 

85.5 
35.9 

226.7 

225.3 
46.1 

221.6 
176.1 

375.5 

417.9 
228.7 

416.6 
560.9 

88.8 

91.8 
90.7 

87.1 
67.2 

422.8 

455.4 
252.2 

478.1 
834.3 

1951: 

Pittsburgh-Philadelphia.  . 

Pittsburgh  -Harrisburg 
1952: 

Pittsburgh-Philadelphia 

Harrisburg-Philadelphia 
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PRODUCT   OF    TIME    AND  DISTANCE   RATIOS 
Figure  13.— Turnpike  usage  by  passenger  cars  in  relation  to  the  product  of  time  and  distance  ratios. 
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Figure  15. — Turnpike  usage  by  passenger  ears  in  relation  to  the  product  of  time  ratio  squared  and  distance  ratio. 
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Figure  16. —  Turnpike  usage  by  commercial  vehicles  in  relation  to  the  product  of  time  ratio  squared  and  distance  ratio. 
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Figure  17. — Turnpike  usage  by  passenger  cars  in  relation  to  the  time  differential. 


The  percentage  use  for  commercial  vehicles  is 
much  less  than  that  for  passenger  cars  as  the 
time  ratio  increases  to  0.80  and  above,  with 
only  one-third  as  much  as  for  passenger  cars 
at  a  ratio  of  1.05. 

A  comparison  of  turnpike  usage  with  that  of 
a  free  road  of  similar  design  is  valuable  because 
it  may  give  some  indication  of  the  effect  of 
tolls  on  the  usage  of  such  a  facility.  A  curve 
showing  the  percentage  use  of-a  portion  of  the 
Shirley  Memorial  Highway,  a  free  fully  con- 
trolled-access  road  in  Virginia  entering  Wash- 
ington, D.  C,  was  developed  in  a  previous 
study.5  If  the  curve  developed  for  the  Shirley 
Highway  had  been  applicable  to  the  Pennsyl- 
vania Turnpike,  62  percent  of  the  eligible  trips 
would  have  been  made  on  the  facility,  whereas 
only  44  percent  actually  did  so.  In  other 
words,  approximately  70  percent  of  the  trips 
that  would  have  been  made  on  such  a  free  road 
had  the  Shirley  Highway  curve  been  appli- 
cable, actually  were  intercepted  on  the 
turnpike  and  paid  toll.  We  cannot  conclude 
J  that  this  percentage  is  an  accurate  measure  of 
J  the  effect  of  the  toll  charge  on  turnpike  usage, 
however,  as  there  are  other  important  differ- 
I  ences  between  the  two  highways.  The  Shirley 
Highway  is  shorter  and  has  more  frequent 
interchanges  than  the  Pennsylvania  Turnpike. 
Even  more  important,  perhaps,  is  the  fact  that 

5  The  effect  of  travel  time  and  distance  on  freeway  usage,  by 
Darcl  L.  Trueblood.    Public  Roads,  vol.  26,  No.  12,  Feb. 
j  1952. 
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it  is  located  largely  in  an  urban  area,  whereas 
the  area  through  which  the  turnpike  passes 
is  dominantly  rural. 

Turnpike  Vsage  Related  to  Distance 
Ratio 

Distance  ratios  were  computed  in  a  manner 
similar  to  that  for  time  ratios  already  described 
except  that  distances  were  substituted  for  time. 
For  trips  extending  beyond  I  he  turnpike  limits, 
distance  ratios  were  computed  from  point  of 
choice,  as  in  the  case  of  time  ratios.  Turnpike 
usage  in  relation  to  distance  ratios  for  pas- 
senger cars  is  shown  in  figure  11. 

Few  of  the  distance  ratios  in  Pennsylvania 
are  less  than  1.00.  Where  the  distance  is  the 
same,  a  very  laige  percentage  of  vehicles  will 
be  found  on  the  turnpike,  since  in  such  case 
there  is  a  substantial  saving  in  time.  In  fact, 
at  a  distance  ratio  of  1.00  and  at  a  time  ratio 
of  0.79,  about  73  percent  of  the  passenger  cars 
in  Pennsylvania,  on  the  average,  used  the 
turnpike.  As  in  the  case  of  the  time-ratio 
chart  (fig.  0),  the  distance-ratio  chart  has 
critical  areas  where  the  scatter  is  rather  large 
when  plotted  for  individual  zone-to-zone  trip 
interchanges,  but  by  properly  combining  the 
data  a  logical  series  of  points  can  be  obtained 
to  establish  a  curve. 

The  comments  concerning  distance  ratios  for 
passenger  cars  apply  in  general  to  commercial 
vehicles.      However,  for  commercial   vehicles, 


the  shape  of  the  distance-ratio  curve  (fig.  12) 
is  more  nearly  like  the  time-ratio  curve  (fig.  10) 
than  was  the  case  for  passenger  cars.  Of 
course,  the  values  for  distance  rat  io  are  greater. 
Where  the  distances  are  equal  via  the  turnpike 
and  via  highways;  i.  e.,  ratio  1.00.  about  68 
percent  of  the  total  commercial  vehicles  used 
the  turnpike.  This  is  5  points  less  than  at  the 
same  distance  ratio  lor  passenger  cars.  There 
was  a  considerably  lower  percentage  of  com- 
mercial vehicles  using  the  turnpike  than  in  the 
case  of  passenger  car-  when  the  distance  ratio 
was  1.2.")  or  greater. 

Turnpike    (  suite    Related   Io   Product 
of  Time  and  Distance  Ratios 

In  figure  13  is  presented  a  curve  indicating 
the  turnpike  use  for  the  several  values  ol  the 
product  of  the  time  and  distance  ratios  for 
passenger  cars.  This  curve  is  le><  steep  than 
either  the  time-  or  distance-ratio  curves  for 
passenger  cars.  The  ratio  ranges  from  less 
than  0.70  to  more  than  1.70  or  almost  twice 
the  spread  for  the  time  ratio. 

The  turnpike  usage  as  read  from  this  curve 
amounts  to  about  00  percent  at  0.68,  which  is 
itically  the  same  as  indicated  by  the  time- 
ratio  curve.  However,  at  ratio  I. Oil,  30  per- 
cent instead  of  1!)  percent  used  the  turnpike. 
There  was  a  l-percenl  usage  of  the  turnpike 
at  product  ratio  1.70,  while  for  the  time 
ratio  thi-  percent   usage  occur-  at    1.16. 
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Figure  18. — Turnpike  usage  by  commercial  vehicles  in  relation  to  the  time  differential. 


The  curve  for  turnpike  usage  for  commer- 
cial vehicles  is  shown  in  figure  14.  This  is 
somewhat  similar  to  the  passenger-car  curve, 
but  a  little  steeper.  Also,  the  turnpike  usage 
is  almost  nil  after  the  ratio  reaches  1.35, 
whereas  the  passenger-car  curve  still  shows 
4-percent  usage  at  1.70. 

The  difference  in  turnpike  usage  between 
the  two  curves  is  about  13  percentage  points 
at  0.80  and  4  points  at  1.60  and  above.  At 
1.00  ratio  27  percent  of  the  commercial  ve- 
hicles used  the  turnpike  as  compared  with  36 
percent  for  passenger  cars.  At  1.00  the  dif- 
ference is,  therefore,  9  percentage  points,  but 
this  is  equivalent  to  33  percent  more  passenger 
cars  than  commercial    vehicles. 

Usage   Related    to    Product   of   Time 
Ratio  Squared  and  Distance  Ratio 

The  product  of  time  and  distance  ratios  has 
a  tendency  to  flatten  the  curve  in  comparison 
with  either  time-ratio  or  distance-ratio  curves. 
Time  ratio  may  be  more  indicative  of  turn- 
pike usage  than  distance  ratio,  since  the  dis- 
tance ratio  between  two  zones  remains  con- 
stant while  the  time  ratio  may  vary  for  the 
same  zones  from  time  to  time  because  of 
changes  in  speed.  For  example,  the  time 
ratio  may  be  reduced  with  consequent  in- 
crease in  turnpike  use  when  the  parallel  free 
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road  becomes  congested  to  the  extent  that 
driving  time  is  increased  thereon. 

This  being  true,  it  was  thought  that  assign- 
ing more  weight  to  the  time  ratio  might  im- 
prove the  curve  based  on  the  product  of  time 
and  distance  ratios.  After  much  experiment- 
ing, it  was  found  that  the  square  of  the  time 
ratio  multiplied  by  the  distance  ratio  (T2XD 
ratios)  gave  good  results.  Such  a  curve  is 
shown  in  figure  15  for  passenger  cars.  The 
range  in  ratios  is  from  less  than  0.50  to  over 
2.00,  or  almost  3  times  the  rafige  for  time 
ratio  (fig.  9). 

The  curve  for  commercial  vehicles,  figure 
16,  is  quite  similar  to  the  one  for  passenger 
cars  but,  as  usual,  the  commercial  usage  of 
the  turnpike  is  less  than  for  passenger  cars  for 
the  same  ratio.  The  commercial-vehicle  curve 
ranges  from  less  than  0.40  to  1.90.  Actually 
the  turnpike  usage  becomes  practically  zero  at 
1.70  and  above.  The  passenger-car  curve  shows 
2  percent  use  of  the  turnpike  at  2.10. 

At  ratio  1.00,  more  than  25  percent  of  the 
passenger  cars  use  the  turnpike,  while  only 
17  percent  of  the  commercial  vehicles  do  so 
for  the  same  value. 

Usage  Related  to  Time  Differential 

The  curve  showing  turnpike  usage  on  the 
basis  of  time  saved  or  lost  for  passenger  cars 


is  shown  in  figure  17.  Like  all  of  the  usag< 
curves,  there  was  considerable  scatter  when 
individual  zone-to-zone  movements  were  usedj 
By  grouping  into  15-minute  intervals  the  data 
became  sufficiently  well  stabilized  so  that 
smooth  curve  could  be  drawn.  With  smallei 
time  groupings,  a  number  of  points  were  con 
siderably  out  of  line,  but  for  portions  of  th< 
curve  where  this  was  not  the  case  they  were, 
sometimes  used  to  aid  in  determining  the 
exact  shape  of  the  curve. 

It  will  be  noted  that  some  trips  were  madi 
on  the  turnpike  even  with  a  20-minute  loss  ir 
time,  which  means  a  considerable  loss  iri 
distance.  With  a  saving  of  20  minutes, 
approximately  40  percent  of  the  drivers  paid 
toll  in  preference  to  using  the  regular  high- 
ways; this  percentage  increases  to  ovei 
two-thirds  of  the  trips  with  an  hour's  saving 
in  time,  and  to  93  percent  with  a  3-hour  saving.! 

The  minutes-saved  curve  for  commercial 
vehicles  is  shown  in  figure  18.  The  scatter 
pattern  for  trucks  is  such  that  the  groupings 
in  number  of  minutes  saved  is  double  that  for 
passenger  cars  (30  minutes  instead  of  15) 
before  stability  results. 

For    commercial    vehicles    the    use    of    the 
turnpike   was   less   than   for   the   same   time  its 
saving   for   passenger    cars.      For    20-minutei  sup 
time  saving  there  was  25  percent  usage  for  la 
trucks  compared  with  40  percent  for  passenger! 
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Figure  19. — Number  of  through  trips  betiveen  Pittsburgh  and  Philadelphia  for  passenger  cars  and  commercial  vehicles  on  an  average 
summer  weekday,  related  to  turnpike  usage  and  trip  purpose  (passenger  cars)  for  years  1950—52. 
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Figure  20.— Turnpike  usage  for  through  trips  betiveen  selected  cities  on  an  average  summer  weekday. 

Standard  Error  of  Estimate 


cars;  for  1-hour  time  saving,  a  48  percent  usage 
compared  with  67  percent  for  passenger  cars; 
for  a  2-hour  time  saving,  a  71  percent  usage 
compared  with  83  percent  for  passenger  cars; 
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and  for  a  3-hour  saving,  an  83  percent  usage 
compared  with  93  percent  for  passenger  cars. 
No  trucks  losing  10  minuses  or  more  used 
the  turnpike. 


The  standard  error  of  estimate  has  been 
computed  for  each  of  the  curves  in  this  report 
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Figure  21. — Percentage  of  passenger  cars  using  the  turnpike  between  Philadelphia  and  areas  along   the  turnpike  route  on  an  averagX   b 

summer  weekday  in  1952. 


as  a  measure  of  the  scatter  of  the  averages  of 
the  grouped  data  from  the  fitted  curve. 
Curves  plotted  parallel  to  a  fitted  curve  and 
at  a  distance  of  plus  or  minus  1  standard  error 
from  it  will  contain  within  their  bounds 
approximately  two-thirds  of  the  points  to 
which  the  curve  was  fitted. 

In  general,  original  observations  have  a 
greater  degree  of  scatter  than  averages  for 
groupings  of  the  observations.  Computing 
group  averages  prior  to  curve  fitting  has  the 
effect  of  smoothing  the  data.  This  is  justifiable 
if  thereby  the  functional  relation  is  made 
apparent.  However,  care  must  be  taken  lest 
excessive  smoothing  obscure  the  effects  of 
factors  which  should  be  taken  into  account. 

In  actual  practice  the  origin  and  destination 
data  are  grouped  in  zone-to-zone  movements. 
Unfortunately  the  trip  interchange  between 
/.ones  is  not  uniform,  varying  from  only  a  few 
trips  to  several  thousand  trips.  The  initial 
standard  error  was  computed  on  the  basis  of 
the  individual  zone-to-zone  movements  not- 
withstanding the  fact  that  some  of  the  zone- 
to-zone  trips  were  so.  few  that  they  hardly 
constituted  a  sample  of  adequate  size. 

To  mitigate  the  effect  of  the  small  sample, 
the  data  were  then  successively  grouped  into 
large  units.  In  the  case  of  ratio  abscissa  the 
trips  within  each  0.01  ratio  were  added  to- 
gether   to    give    one    point,    then    within    each 
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0.05  ratio  to  give  one  point,  and  finally  within 
each  0.10  ratio  to  give  one  point.  In  the  case 
of  time  differential,  similar  groupings  were 
successively  made  within  5-minute,  10- 
minute,  15-minute,  and  30-minute  intervals. 
The  results  of  these  calculations  for  both 
passenger  cars  and  commercial  vehicles  are 
tabulated  in  table  3. 

For  the  individual  zone-to-zone  movements, 
time  differential  has  slightly  greater  accuracy- 
than  the  other  curves  for  both  passenger  cars 
and  trucks.  However,  as  the  dataa  are  grouped 
the  time-ratio  curve  appears  to  give  the  best 
results.  In  addition,  time  differential  is 
inherently  dependent  on  the  length  of  the 
turnpike  and  would,  therefore,  require  a  series 
of  curves  for  each  length  of  turnpike.  Time 
ratio,  on  the  other  hand,  is  independent  of 
length  and  is  more  generally  applicable, 
particularly  in  view  of  the  small  difference 
in  standard  error. 

The  computation  of  standard  error  is  of 
importance  mainly  in  the  comparison  of 
methods.  In  the  application  of  the  results, 
the  interest  lies  in  the  accuracy  of  tin-  total 
volume  which  will  use  a  facility  rather  than 
in  the  accuracy  of  the  individual  zone-to-zone 
movements. 

Since  any  estimate  of  total  turnpike  volume 
would  involve  a  large  number  of  zone-to-zone 
movements,  the  proportion  the  standard  error 


of  the  total  bears  to  the  total  volume  wouh 
be  substantially  smaller  than  the  proportion; 
the  standard  errors  of  estimates  of  zone-to  * 
zone  movements  bear  to  zone  totals.  It 
absolute  amount  the  former  would  be  large 
than  any  of  the  latter.  It  is  probable  tha 
the  size  of  the  relative  sampling  error  of  th 
total  volume  is  well  within  the  accuracy  < 
present  measurements  of  zone-to-zone  move 
ments  and  of  predictions  of  trends. 

Ph  i  la  de  I  pit  ia  Trips 

In  figure  1'.)  and  table  4  are  presented  dat 
for  trips  between  Philadelphia  and  the  Pitts 
burgh  metropolitan  area  for  3  years.  Th 
1050  and  1 052  trip  information  was  obtains 
at  the  same  locations  in  eastern  Pennsylvania 
between  Harrisburg  and  Philadelphia.  Th 
1951  data  were  collected  in  western  Pennsyl 
vania  just  east  of  Pittsburgh  in  eonneetio 
with  a  study  of  the  western  extension  of  th 
turnpike.  The  time  of  operation  was  th 
same  for  all  three  samples  and  represents 
summer  weekday.  Though  the  1951  infoi 
mation  was  obtained  more  than  150  mile 
from  the  nearest,  operation  in  the  East,  th 
Philadelphia-Pittsburgh  trips  were  intercepte 
in  both  studies  and  the  data  should  b 
comparable. 

The  similarity  of  the  number  of  trips,   th 
type  of  vehicle,  the  purpose  of  trips  for  pat 
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Wigure  22. — Percentage  of  commercial  vehicles  usiu^  the  turnpike  between  Philadelphia  and  areas  along  lite  route  on  an  average  summer 

weekday  in  1952. 


lenger  cars,  and  the  percentage  use  of  the 
turnpike  in  the  several  categories  indicate  the 
adequacy  of  the  samples  obtained  in  the  three 
surveys.  The  number  of  passenger-car  trips 
1 1  by  purpose  (work  or  business,  social-recrea- 
tion, vacation,  and  other)  and  the  total  trips 
for  passenger  cars  and  commercial  vehicles 
with  the  latter  divided  into  combinations  and 
|  other  commercial  are  shown  in  figure  19. 
The  percentage  of  turnpike  use  by  years  for 
all  purposes  and  for  all  types  of  vehicles  is 
also  indicated.  A  remarkable  fact  is  that 
i  the  average  number  of  passenger-car  trips 
bet  ween  Philadelphia  and  Pittsburgh  during 
|  the  3  years  was  almost  exactly  the  same  as 
i  the  average  number  of  commercial  trips  dur- 
l  ins  the  same  period  (228  and  225,  respec- 
tively). However,  passenger-car  trips  were 
increasing  while  commercial  trips  were  de- 
creasing. Also,  about  the  same  number  of 
passenger-car  and  commercial-vehicle  trips 
used  the  turnpike  for  the  same  3  years  (203 
and  201,  respectively).  Trips  for  work  or 
business  and  vacation  increased  steadily  over 
the  3-year  period,  while  those  for  social  and 
recreation  and  for  other  purposes  remained 
fairly  constant.  Turnpike  usage  by  trips  for 
pork  or  business  increased  from  80  to  92 
percent,  but  there  was  no  apparent  trend  in 
turnpike  usage  by  trips  for  the  purposes  in 
other    categories.     The    high    percentage    use 
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of  the  turnpike  by  passenger-car  and  com- 
mercial-vehicle trips  is  evidently  due  to  the 
very  great  saving  in  time  for  both  passenger 
cars  and  trucks.  There  is  a  large  saving  of 
fuel  for  trucks,  particularly  on  the  original 
section  of  the  Pennsylvania  Turnpike  between 
Irwin  and  Carlisle. 

The  percentage-  of  passenger-car  trips  be- 
tween Philadelphia  and  Pittsburgh  made  for 
each  purpose  were  similar  for  1950,  1951,  and 
1952.  Trips  for  work  or  business  were  47, 
46,  and  49  percent  of  the  total  for  each  of  the 
3  years,  respectively;  for  social-recreation  2'.), 
28,  23;  for  vacation  22,  26,  26;  and  for  other 
purposes  2,  0.5,  and  2. 

In  figure  20  and  table  1  are  presented  data 
showing  the  differences  in  turnpike  usage  for 
trips  between  Harrisburg  and  Philadelphia  as 
compared  with  trips  between  Pittsburgh  and 
Philadelphia  and  Pittsburgh  and  Harrisburg. 
Vehicles  in  the  latter  two  categories  use  the 
turnpike  to  a  considerably  greater  degree  than 
those  between  Harrisburg  and  Philadelphia. 
The  Pittsburgh-Philadelphia  trips  are  shown 
for  1950,  1951,  and  1952;  the  Pittsburgh- 
Harrisburg  trips  are  shown  for  1951  only, 
because  these  trips  were  not  intercepted  in  the 
1950  and  1952  surveys  which  were  confined 
to  the  eastern  extension;  and  the  Harrisburg- 
Philadelphia  trips  are  shown  for  L952  only, 
because  this  section  of  the  turnpike  was  nol 


open  in  1950  when  the  first  survey  on  the  east- 
ern extension  was  made. 

While  36  percent  of  all  truck  trips  were  made 
on  the  turn] like  between  Harrisburg  and  Phila- 
delphia in  1952,  only  23  percent  of  the  com- 
bination vehicles  used  it.  The  reason  for  the 
low  turnpike  usage  by  these  large  vehicles  has 
not  been  determined. 

In  1951,  49  percent  of  the  total  trips  be- 
tween Pittsburgh  and  Philadelphia  were  made 
1>\  commercial  vehicles  while  onlj  is  per- 
cent were  by  commercial  vehicles  between 
Pittsburgh  and  Harrisburg.  In  1952,  hi 
percent  of  the  trips  between  Pittsburgh  and 
Philadelphia  were  by  commercial  vehicles 
compared  with  Only  21  percent  for  the  Harris- 
burg -Philadelphia  trips. 

It  was  found  that  then'  was  greater  turn- 
pike usage  between  Harrisburg  and  Philadel 
phia  than  between  Harrisburg  and  the  areas 
around  New  York  Citj  and  New  Engla 
This  was  expected  since  a  part  of  the  I  rathe 
used  the  shorter  route-  via  I  ,  S.  '22,  going 
northeast  from  Harrisburg  rather  than  the 
longer  one  via   the  turnpike  and   Philadelphia. 

Figure  21  shows  the  relative  passenger-car 
turnpike  usage  by  trips  between  certain  areas 
along  the  turnpike  and  Philadelphia  in  1952. 
The  area-  are  marked  by  different  types  of 
-hading,  so  drawn  that  the  usage  of  the  turn- 
pike by  passenger-car  trips  between  each  a 
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Figure  23. — Percentage  change,  1950-52,  in  passenger-car  trips  between  Philadelphia  and 

areas  of  varying  turnpike  usage. 


and     Philadelphia    falls    within    a    specified 
percentage  range. 

Eighty  to  one  hundred  percent  of  the  passen- 
ger-car trips  with  origin  and  destination  in  the 
area  west  of  a  point  midway  between  Car- 
lisle and  Bedford  were  made  on  the  turnpike. 
This  area  extends  upward  across  U.  S.  422 
just  west  of  Johnstown.  Of  the  trips  between 
Pittsburgh  and  Philadelphia,  89  percent  were 
made  on  the  turnpike. 

There  is  another  area  of  80-  to  100-percent 
usage  extending  westward  from  Harrisburg 
and  including  Carlisle.  For  passenger  cars, 
60  to  80  percent  of  the  vehicles  traveling 
between  Philadelphia  and  areas  along  U.  S. 
22  from  Harrisburg  to  Johnstown  used  the 
turnpike.  The  area  where  the  usage  was  less 
than  20  percent  extends  from  the  Philadel- 
phia end  of  the  turnpike  westward  for  about 
40  miles  and  farther  south,  almost  100  miles 
westward  along  U.  S.  30. 

Figure  22  shows  the  relative  turnpike  use  by 
commercial-vehicle  trips  in  and  out  of  Phila- 
delphia in  the  same  manner  as  passenger  cars 
are  shown  in  figure  21.  The  area  where  the 
turnpike  usage  was  less  than  20  percent  was 
the  same  as  that  for  passenger  cars.  The  per- 
centage of  turnpike  use  for  commercial  vehi- 
cles in  this  area  was  very  low  in  most  cases, 
being  5  percent  for  Reading,  5  percent  for 
Lancaster,  and  only  1  percent  for  York.  Be- 
tween Harrisburg  and  Philadelphia,  36  percent 
of  the  commercial  vehicles  used  the  turnpike 
compared  with  70  percent  of  the  passenger 
cars.  The  area  to  and  from  which  20  to  40 
percent  of  the  Philadelphia  trips  were  over  the 
turnpike  includes  Harrisburg  and  extends 
westward  to  the  north  along  the  route  of  U".  8. 
22  and  U.  S.  122  to  a  point  north  of  Pittsburgh. 
This  is  in  contrast  with  GO-  to  80-percent  u 
by  passenger  cars  for  this  area.  South  of  the 
turnpike  from  Gettysburg  westward,  Phila- 
delphia dips  with  origin  and  destination  cl 
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to  U.  S.  30  were  made  via  the  turnpike  to  a 
rapidly  increasing  degree.  The  80-  to  100- 
percent  area  is  reached  at  a  point  about  half 
way  between  Carlisle  and  Bedford.  Beyond 
that  point  over  80  percent  of  the  commercial 
trips  in  the  area  served  by  U.  S.  30  as  the 
principal  free  route  were  made  on  the  turnpike. 
The  high  usage  of  the  Pennsylvania  Turn- 
pike by  commercial  vehicles  is  unique  in  turn- 
pike experience  and  is  due  principally  to  the 
very  steep  grades  and  sharp  curves  on  U.  S.  30. 
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Traffic  Generation 

Figure  23  shows  the  growth  in  the  numbe 
of  trips  between  Philadelphia  and  the  differen 
areas  shown  in  figure  21  from  1950,  before  th< 
turnpike  was  opened,  to  1952  after  it  was 
opened.  This  comparison  is  for  summe 
weekday  trips.  The  100-percent  line  on  th< 
chart  represents  the  number  of  trips  betweei 
the  different  areas  and  Philadelphia  the  yea: 
before  the  turnpike  was  opened.  For  the  are* 
in  which  less  than  20  percent  of  the  Phila 
delphia  trips  were  made  on  the  turnpike,  then 
was  a  3-percent  decline  in  the  number  of  trips 
from  1 950  to  1 952.  For  the  area  in  which  20  te 
40  percent  of  the  vehicles  used  the  turnpike 
there  was  a  9-percent  increase;  for  the  40-  t( 
60-percent  area,  a  11 -percent  increase;  fot 
the  60-  to  80-percent  area,  a  37-percent  in 
crease;  and  for  the  80-  to  100-percent  area,  j 
55-percent  increase.  Thus,  the  higher  the 
percentage  use  of  the  turnpike  by  trips  to  anc 
from  Philadelphia  for  any  area  the  greater  was 
the  growth  in  the  number  of  these  trips  aftei 
the  turnpike  was  opened,  indicating  definitelj 
that  the  increase  was  caused  by  the  existence 
of  the  turnpike. 

Figure  24  shows  the  percentage  increase  ir 
the  number  of  trips  between  Philadelphia  ana 
certain  cities  along  the  turnpike  route  aftei 
the  turnpike  was  opened.  For  Reading,  where 
the  percentage  use  of  the  turnpike  was  1 4  per 
cent  as  indicated  by  the  figure  below  the  bar 
there  was  only  a  2-percent  increase  in  the 
number  of  Philadelphia  trips,  as  indicated  by 
the  height  of  the  bar;  for  Harrisburg  where  the 
usage  was  76  percent,  there  was  a  53-percent 
increase  in  the  number  of  trips  to  and  from 
Philadelphia.  For  Carlisle  and  the  intervening 
area  west  of  Harrisburg,  where  there  was  ar 
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,   Figure  25.— Traffic  growth  on  the  original  section  of  the  turnpike  (Irwin-Carlisle)  compared 
tvith  that  on  main  rural  roads  in  Pennsylvania,  1947-54. 


88-percent  usage  of  the  turnpike  for  Phila- 
delphia trips,  the  increase  in  the  number  of 
trips  was  129  percent.  This  area  is  at  the 
western  end  of  the  eastern  extension  of  the 
Pennsylvania  Turnpike  and  would,  therefore, 
benefit  more  proportionately  by  the  opening 
of  the  turnpike  than  any  other  area. 

A  number  of  these  trips  were  undoubtedly 
new  trips  which  would  not  have  been  made  had 
not  the  turnpike  been  built,  but  some  of  them 
also  were  probably  diverted  from  public  car- 
riers. Trips  between  Philadelphia  and  Pitts- 
burgh have  benefited  by  the  existence  of  the 
original  section  of  the  Pennsylvania  Turnpike 
from  Irwin  to  Carlisle  for  many  years,  and  the 
opening  of  the  eastern  extension  was  not  so 
important,  relatively,  for  these  trips  as  it  was 
for  the  trips  between  Carlisle  and  Philadelphia. 
For  this  reason,  the  percentage  increase  in  the 
number  of  trips  from  Pittsburgh  to  Phila- 
delphia after  the  opening  of  the  eastern  exten- 
sion of  the  turnpike  was  only  31  percent. 

From  traffic  counts  before  and  after  the 
opening  of  the  turnpike,  an  attempt  was  made 
to  estimate  the  total  traffic  generated  between 
interchanges  19  (Harrisburg  East)  and  20 
(Lebanon).  It  would  appear  that  about  40 
percent  of  the  traffic  on  the  turnpike  between 
these  interchanges  was  composed  of  new  trips 
induced  by  the  facility.  However,  some  of 
these  trips  may  have  been  diverted  from  routes 
so  far  away  that  they  were  not  included  in  the 
study.  In  attempting  to  estimate  traffic 
generation  from  counts  alone,  this  uncertainty 
is  always  present. 

Turnpike  Traffic  Growth 

Figure  25  shows  the  growth  from  1947  to 
1954  of  traffic  on  the  original  section  of  the 
Pennsylvania  Turnpike  between  Irwin  and 
Carlisle  compared  with  that  of  other  main 
rural  roads  in  Pennsylvania,  and  all  main  rural 
roads  including  the  eastern  and  western  exten- 


sions of  the  turnpike  during  this  same  period. 
This  figure  is  plotted  on  semilogarithmic 
paper,  which  has  the  characteristic  of  present- 
ing equal  rates  of  growth  as  parallel  lines 
regardless  of  the  height  of  the  curve  on  the 
chart.     Throughout  the  period  from  1947  to 

1952  the  turnpike  curve  has  a  steeper  slope 
than  the  curve  for  the  other  roads,  indicating 
a  more  rapid  growth.  From  1952  to  1953  the 
two  curves  are  very  nearly  parallel,  and  from 

1953  to  1954  the  turnpike  curve  drops,  while 
the  curve  for  other  main  rural  roads  continues 
to  rise.  This  drop  in  traffic,  2.5  percent,  on 
the  old  section  of  the  turnpike  in  1954  was 


largely  due  to  a  decline  in  truck  usage  of  6.4 
percent,  since  passengei-car  usage  remained 
practically  the  same.  Probably  this  is  related 
to  generaf  economic  conditions,  there  being  a 
slight  decline  in  the  Gross  National  Product 
from  1953  to  1954. 

The  old  section  of  the  turnpike  had  been  in 
operation  for  7  years  in  1947  so  the  more  rapid 
growth  of  the  turnpike  traffic  up  to  1952  does 
not  represent  generation  occuring  soon  after 
the  opening  of  a  new  facility  of  this  kind. 
There  is  no  way  of  knowing  whether  it  repre- 
sents continuing  generation  or  increasing 
diversion.  The  very  steep  slope  of  the  turn- 
pike curve  from  1950  to  1952  undoubtedly 
shows  the  effect  of  the  opening  of  the  eastern 
and  western  extensions.  The  former  was 
opened  in  November  1950  and  the  latter, 
partly  in  August  and  partly  in  December  1951. 
This  is  a  good  illustration  of  the  effect  of  turn- 
pike extensions  and  connections  on  traffic 
using  the  old  section. 

Figure  26  shows  the  growth  of  traffic  on  the 
old  section  of  the  Pennsylvania  Turnpike 
throughout  its  life  compared  with  that  on 
other  important  rural  roads  in  Pennsylvania, 
and  on  all  rural  roads  including  all  sections  of 
the  turnpike.  During  the  war  years,  traffic  on 
the  turnpike  decreased  much  more  rapidly 
than  that  on  the  other  roads,  but  after  1944, 
the  last  full  year  of  the  war,  it  made  a  rapid 
recovery,  and  in  1954  it  was  180  percent  higher 
than  in  1941,  whereas  traffic  on  other  principal 
roads  in  Pennsylvania  was  only  26  percent, 
and  including  the  turnpike,  only  39  percent 
higher  than  in  1941.  This  exceptionally  rapi<l 
growth  of  the  Pennsylvania  Turnpike  traffic  is 
probably  due  to  unique  features  of  this  par- 
ticular project  and  it  would  certainly  be  un- 
wise to  assume  that  such  growth  would  be 
duplicated  on  other  projects. 


Figure  26. — Traffic  growth  on  the  original  section  of  the  turnpike  (Irwin-Carlisle)  compared 
with  that  on  main  rural  roads  in  Pennsylvania.  1941—54. 
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Traffic  Usage  of  Maine  Turnpike 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


The  Maine  Turnpike  was  opened  to  traffic 
on  December  13,  1947,  as  an  alternate  route 
to  U.  S.  1  between  Kittery  and  Portland, 
Maine.  Traffic  tvas  interviewed  both  before 
and  after  construction  and  continuous 
volume  counts  have  been  available  since 
1947. 

This  article  shows  the  traffic  growth,  the 
State  of  registration  of  the  vehicles,  the 
repetitive  frequency  of  trips  on  both  high- 
ways, and  the  effect  of  these  variables  on 
the  proportion  of  traffic  using  the  turnpike. 
An  empirical  curve  of  passenger-car  traffic 
diverted  to  the  toll  road  on  the  basis  of 
lime  ratio  is  established  and  compared  with 
similar  curves  for  the  Pennsylvania  Turn- 
pike and  a  free  limited-access  facility . 

The  effect  of  increasing  the  toll  rate  from 
$0.50  to  $0.60  and  subsequently  to  $0.75  for 
a  full-length  trip  is  investigated  and  related 
to  the  amount  of  traffic  using  the  turnpike. 
The  amount  of  traffic  attracted  by  the 
construction  of  the  new  facility  beyond 
that  anticipated  from  normal  increase  is 
determined,  and  the  distribution  of  the 
excess  increase  between  the  old  road  and 
the  turnpike  is  reported. 

THE  Maine  Turnpike,  a  42.2-mile  toll 
facility,  provides  an  alternate  route  of 
travel  to  U.  S.  1  between  Portsmouth,  N.  H., 
and  Portland,  Maine,  as  shown  in  figure  1. 
The  turnpike  is  a  four-lane  divided  highway 
with  full  access  control  as  compared  to  U.  S.  1, 
a  basically  three-lane  roadway  with  unre- 
stricted access. 

The  local  area  directly  served  by  the  route 
has  a  population  of  about  64,000,  which  is  an 
average  density  of  about  200  persons  per 
square  mile.  In  addition,  this  local  area 
borders  the  Atlantic  Ocean  and  provides  a 
strong  attraction  for  recreation  and  vacation 
traffic  during  the  summer  months. 

Portland,  which  is  located  immediately 
north  of  the  turnpike,  has  an  urban  area 
population  of  about  115,000;  and  Portsmouth, 
which  is  immediately  south  of  the  turnpike, 
has  a  population  of  about  19,000.  Between 
these  cities  the  principal  sources  of  local 
traffic  are  to  the  east  of  U.  S.  1,  while  the 
turnpike  is  located  to  the  west  of  U.  S.  1. 
Thus,  the  use  of  the  turnpike  results  in  excess 
travel  for  a  majority  of  the  local  trips. 

Access  to  the  turnpike  is  provided  at  four 
intermediate  toll  stations  as  well  as  at  each 
terminal  station.  A  fifth  intermediate  toll 
station  between  the  Saco  interchange  and 
the  north  terminus  is  operated  during  the 
summer  months. 
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Previous  Studies 

Origin  and  destination  surveys  were  made 
in  August  and  October  of  1947  and  1948 
and  in  August  of  1950.  Partial  results  of 
these  surveys  were  presented  at  a  meeting  of 
the  Highway  Research  Board.1 

Data  from  both  the  Maine  and  Pennsyl- 
vania Turnpikes  were  combined  in  a  paper  pre- 


Reported  by  GLENN  E.  BROKKE 
Highway  Transport  Research  Engineer 


sented  at  the  annual  meeting  of  the  Americar 
Society  of  Civil  Engineers  in  1954.2 

It  is  the  primary  purpose  of  this  article 
to  show  the  relative  magnitude  of  the  various 
factors  that  influence  the  amount  of  traffic  or 
the  Maine  Turnpike.  The  data  reflect  con 
ditions  as  they  exist  in  this  area  and,  conse 
quently,  the  conclusions  will  not  necessarilj 
be  applicable  in  areas  of  substantially  different 
characteristics. 


•  Proportionate  use  of  Maine  Turnpike  by  traffic  through 
Portsmouth- Portland  corridor,  by  J  C  Carpenter.  Proceed- 
ings of  the  Highway  Research  Board,  vol.  32,  1953,  pp.  452- 
463.1 


•  Traffic  diversion  to  toll  roads,  by  John  T.  Lynch.  Proceed 
ings  of  the  American  Society  of  Civil  Engineers,  vol.'  81, 
separate  No.  702,  June  1955. 
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MAINE    TURNPIKE    TRAFFIC    STUDY 
1947-1950 

Figure  1. — Sketch  of  the  Maine  Turnpike  corridor. 
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Figure  2. — Traffic  using  the  Maine  Turnpike  as  related  to  parallel  route  U.  S.  1 
for  years  1948-54,  as  compared  ivith  1947. 
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Conclusions 

To  determine  accurately  the  amount  of 
traffic  that  will  be  attracted  to  a  new  facility, 
it  is  necessary  to  obtain  information  concern- 
ing the  origin  and  destination  of  trips  and 
relative  speeds  on  the  existing  highways  as 
compared  to  the  new  facility.  It  has  been 
found  that  the  most  accurate  single  measure 
of  traffic  diversion  is  time  ratio;  that  is,  the 
time  required  to  make  a  trip  on  the  improved 
facility  divided  by  the  time  required  to  make 
:it  by  the  existing  route. 

For  preliminary  purposes,  rough  estimates 
of  the  proportion  of  the  traffic  which  would 
use  a  new  facility  can  be  made  on  the  basis  of 
less  comprehensive  field  information,  particu- 
larly if  most  of  the  potential  traffic  consists  of 
diversion  from  an  adjacent  parallel  route. 
Formulae  for  relating  both  traffic  volume  and 
State  of  vehicle  registration  to  turnpike  usage 
are  developed  in  this  article. 

These  approximate  measurements  might 
serve  to  determine  whether  a  proposed  project 
has  sufficient  merit  to  justify  further  examina- 
tion by  means  of  a  study  of  the  origins  and 
destinations  of  the  potential  traffic. 

The  traffic  served  by  a  new  limited-access 
facility  and  the  old  parallel  highway  is  the 
existing  traffic  multiplied  by  a  normal  in- 
crease factor  and  further  multiplied  by  a 
generation  factor.  In  the  case  of  the  Maine 
Turnpike  and  parallel  U.  S.  1,  the  generation 
factor  increased  at  approximately  6  percent  a 
year  for  5  years,  after  which  it  remained 
constant  at  approximately  1.30. 

In  the  case  of  Maine,  origin  and  destination 
data  obtained  from  screen  lines  at  both  ends 
of  the  proposed  turnpike  would  have  account- 
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Table  1.— Average  daily  traffic  volume  for 
the  Maine  Turnpike  and  parallel  route 
U.  S.  1  for  the  years  1948-54 


Year 

Average  daily  traffic  for— 

Percent 
of  traffic 
using 
turn- 
pike 

U.  S.  1 

Maine 
turn- 
pike 

Total 

1948 

1949.__ 

1950... 

1951. 

1952. 

1953. 

1954 

4,194 
4,577 
5,033 
5,551 
6,039 
6,222 
6,229 

3,321 
3,719 
4,252 
4,809 
5,144 
5,438 
5,653 

7,515 
8,296 
9,285 
10,360 
11,183 
11,660 
11,882 

44.2 
44.8 
45.8 
46.4 
46.0 
46.6 
47.6 

ed  for  99  percent  of  the  traffic  using  the  turn- 
pike. 

From  the  origin-destination  data,  the 
present  and  estimated  future  trips  can  prob- 
ably be  assigned  to  a  toll  road  from  the  Maine 
Turnpike  or  Pennsylvania  Turnpike  curve 
or  an  interpolation  between  the  curves'. 

The  time-ratio  curves  appear  to  be  applic- 
able for  toll  rates  up  to  at  least  13A  cents  per 
passenger-car  mile. 

Traffic  Growth 

Figure  2  shows  the  trend  in  traffic  on  U.  S.  1 
and  the  Maine  Turnpike  from  1947  (the  last 
year  before  the  turnpike  was  opened)  through 
1954.  The  U.  S.  1  traffic  data  used  in  this 
comparison  were  recorded  near  the  middle  of 
the  Maine  Turnpike  area  where  the  volume 
was  lowest,  in  order  to  eliminate  as  much  as 
possible  the  effect  of  local  traffic  which  could 
not  conveniently  use  the  toll  road. 

In  figure  2,  the  1947  traffic  volume  on  U.  S.  1 
is  assigned  the  value  of  100.     The  line  sloping 


upward  on  the  chart  represents  the  trend  of 
traffic  on  other  important  routes  throughout 
Maine  in  relation  to  1947  traffic.  The  height 
of  the  individual  bars  represents  the  total 
amount  of  traffic  in  each  year.  The  shading 
of  the  bars  denotes  the  portion  of  the  traffic 
that  used  U.  S.  1  and  the  turnpike.  Figures 
within  the  shaded  portions  indicate  the  per- 
centage of  total  traffic  that  used  each  of 
these  facilities. 

Traffic  Diversion  Related  to  Corridor 
Volume 

Figure  2  indicates  the  most  simple  measure 
of  traffic  diversion.  If  U.  S.  1  and  the  turn- 
pike are  defined  as  the  corridor,  then  for  each 
value  of  annual  traffic  volume  in  the  corridor, 
a  percentage  diversion  to  the  Maine  Turnpike 
can  be  determined.  Table  1  shows  the 
average  daily  traffic  volumes  for  the  Maine 
Turnpike  and  parallel  route  U.  S.  1,  and  the 
percentage  of  traffic  using  the  turnpike  for 
each  of  the  years,  1948-54.  The  data  essen- 
tially represent  a  straight  line  indicating  a  basic 
diversion  of  39  percent  to  the  turnpike,  plus 
1  percent  for  every  1,400  average  daily  traffic 
in  the  corridor.  This  relation  may  be  ex- 
pressed as  follows: 

ADT 
Percentage  diversion  to  turnpike  =  39-}-  j ^qq 

In  order  to  compare  the  Maine  Turnpike 
with  other  limited-access  highways,  it  is  de- 
sirable to  take  into  account  the  surfaced  width 
of  the  highway  from  which  traffic  is  being 
diverted.  U.  S.  1  has  an  average  width  of 
32.8  feet.  Thus,  the  figure  1,400  for  average 
daily  traffic  can  be  interpreted  as  approxi- 
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Figure  3.— Monthly  variations  in  the  traffic  flow. 
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mately  425  ADT  per  10-foot  lane.  The  per- 
centage diversion  on  a  volume  basis  can  there- 
fore be  more  generally  stated  as: 

Percentage  diversion  to  turnpike  = 

oq  i  ADT  per  10-foot  lane 
425 

Inasmuch  as  the  Maine  area  attracts  resort 
travel,  the  summer  season  has  a  much  higher 
traffic  volume  than  the  remainder  of  the  year. 
The  magnitude  of  this  variation  is  shown  in 
figure  3. 

It  is  of  interest  to  note  that  generally  during 
those  months  in  which  the  corridor  is  carrying 
more  than  the  annual  average  volume,  the 
turnpike  is  carrying  relatively  more  traffic 
than  U.  S.  1.  Conversely  during  the  months 
of  less  than  annual  average  volume,  U.  S.  1  is 
carrying  relatively  more  traffic.  The  seasonal 
fluctuations  in  traffic  on  U.  S.  1  have  been 
reduced  somewhat  by  the  construction  of  the 
turnpike,  because  the  latter  provides  needed 
relief  during  peak  flow. 

The  percentage  of  the  total  traffic  that  is 
diverted  to  the  turnpike  for  each  month  of  the 
year  was  computed,  thereby  establishing  a 
percentage  diversion  for  a  wide  range  of  traffic 
volumes.  The  individual  months  for  the 
7  years  following  the  turnpike  opening  pro- 
vided 84  plotting  points  for  determining  a 
curve  relating  percentage  diversion  to  traffic 
volume.  Naturally  there  was  some  scatter 
to  these  points,  but  the  use  of  a  series  of  mov- 
ing averages  resulted  in  a  very  smooth  curve. 
The  plotted  points  and  the  curve  are  shown  in 
figure  4.  In  addition,  figure  4  shows  the  line, 
previously  discussed,  representing  the  per- 
age  diversion  for  the  average  daily  traffic 
volumes  in  the  different  years.  The  plotted 
points  from  which  this  line  was  established 
are  also  shown. 
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The  curve  for  the  monthly  traffic  volumes 
departs  substantially  from  the  straight  line 
for  the  annual  average  figures,  although  the 
curves  are  reasonably  close  for  the  corridor 
volumes  in  which  they  overlap.  The  reason 
that  the  curve  for  monthly  traffic  volumes 
diverges  downward  from  the  line  for  annual 
traffic  volumes  is  probably  that  low  volume 
counts  occur  during  the  winter  when  travel 
is  predominantly  local,  while  the  high  volume 
months  are  in  the  summer  when  there  is  a 
substantial  volume  of  out-of-State  traffic. 
Thus,  it  is  likely  that  the  percentage  of  foreign 
vehicles  (out-of-State)  influences  the  percent- 
age diversion  to  the  turnpike. 

As  a  matter  of  interest,  the  diversion  per- 
centages for  the  first  2  years'  operation  of  the 
Oklahoma  Turnpike  are  also  plotted  in  figure 
4.  These  two  points  are  somewhat  above  the 
Maine  Turnpike  curve  which  indicates  a 
larger  diversion  percentage.  Part  of  this  ex- 
cess diversion  is  probably  attributable  to  at- 
traction from  more  distant  routes.  However, 
figure  4  indicates  that  a  percentage  diversion 


based  on  volume  does  provide  a  rough  approx 
mation  of  the  traffic  on  a  toll  road. 

States  of  Registration 

Table  2  shows  the  percentage  of  passenge 
cars  using  both  U.  S.  1  and  the  Maine  Turn 
pike  according  to  the  States  in  which  the  ve 
hides  are  registered.  From  this  table  it  i 
evident  that  foreign  passenger  cars  use  th 
turnpike  in  greater  proportion  than  do  loca 
passenger  cars.  It  is  also  evident  that  ther 
is  a  material  difference  in  usage  by  vehicle 
registered  in  the  various  States. 

Passenger  cars  registered  in  New  Hampshir 
show  less  tendency  to  divert  to  the  turnpik 
than  do  passenger  cars  registered  in  Massa 
chusetts.  New  Hampshire  is  adjacent  to  th 
south  end  of  the  turnpike  while  Massachusett 
is  centered  approximately  80  miles  south  o 
the  Maine  Turnpike.  However,  vehicles  reg 
istered  in  States  more  distant  than  Massa 
chusetts  have  ordy  a  slightly  higher  tendency 
to  divert  and,  as  a  matter  of  fact,  passenge 
cars  registered  in  States  more  than  500  mile: 


Table  2. — Passenger-car  traffic  on  both  U.  S.  1  and  the  Maine  Turnpike  according 

of  registration 


to  Statt 


State  of  registration 

August  1948 

October  1948 ' 

1 

August  1950 

Percent  of 

corridor 

traffic 

Percent 

using 
turnpike 

Percent  of 
corridor 

traffic 

Percent 

using 
turnpike 

Percent  of 

corridor 

traffic 

Percent 

using 
turnpike 

Maine.  .. 

33.4 
31.5 
8.2 
6.6 
3.9 
3.1 
2.3 
2.2 
.5 
8.3 

32 

62 
55 
35 
66 
65 
64 
60 
37 
52 

59.7 
20.1 
2.8 
5.6 
2.9 
1.3 
1.0 
1.3 
.3 
5.0 

32 

75 
78 
53 
80 
80 
73 
79 
47 
64 

37.7 
32.0 
6.4 
6.5 
3.6 
2.6 
2.0 
2.3 
.5 
6.4 

38 
62 
54 
42 
67 
60 
57 
59 
38 
48 

Massachusetts 

New  York...  . 

New  Hampshire.. 

Connecticut 

New  Jersey 

Pennsylvania.. 

Rhode  Island 

Vermont 

All  other 

Total 

100.0 

49 

100.0 

48 

100.0 

50 

Weekday  traffic  only. 
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Figure  4. — Percentage  of  traffic  diverted  to  the  Maine  Turnpike  as  related  to  total  traffic  volume  in  the  corridor. 


"away  appear  to  have  slightly  less  tendency  to 
^divert  than  do  vehicles  registered  in  Massa- 
chusetts. 

'I  In  addition  to  distance,  the  location  of  the 
"State  relative  to  the  general  axis  of  the  turn- 
'pike  appears  to  influence  the  diversion  per- 
'centage.  For  example,  Vermont  is  about  the 
f  same  distance  from  the  turnpike  as  Connecti- 
1  cut,  yet  approximately  one-half  the  percentage 
1  of  Vermont  cars  use  the  turnpike  as  compared 
e  with  Connecticut  cars.  In  this  connection  it  is 
"noted  that  Vermont  is  located  approximately 
'  at  right  angles  to  the  turnpike  while  Connecti- 
1  cut  is  almost  in  line  with  the  turnpike. 

Finally,  it  is  also  evident  that  the  diversion 

percentage  of  foreign  traffic  is  dependent  on 

ri  the  season  of  the  year.     Presumably  many  of 

■the  foreign  cars,  particularly  from  the  more 

,  distant  States,  spend  an  appreciable  amount 

of  time  in  the  turnpike  area  and  become,  in 

effect,  local  cars  for  the  duration  of  their  visit. 

A  mathematical  expression  which  takes  into 


account  the  factors  mentioned  and  which  ap- 
proximates the  diversion  to  the  turnpike  is  as 
follows : 

During  resort  season: 

Diversion  =  Ms +!i  K  cos  A 
Where: 

7y=0  for  State  of  Maine. 

Distance 


K-- 


100 


for  distances  between  0  and 


100  miles. 

K—  1  for  States  more  distant  than  100  miles. 

A  =  Angle  to  the  center  of  population  of  the 
State  from  general  axis  of  turnpike. 

During  other  times: 

Diversion  =  >-3+H  K  cos  A 
Where: 

K   and    A   have   the   same   significance   as 
above. 


Table  3.— Trip  frequency  of  traffic  in  the  Maine  Turnpike  corridor 


Trip  frequency 


Daily - 

Weekly 

Monthly 

Yearly. 

Less  than  once  yearly- 
Total 


1947 


August 


Percent 
15 
17 
10 
35 
23 


100 


October  ' 


Percent 
23 
26 
17 
24 
10 


100 


1948 


August 


Percent 
10 
16 
12 
40 
22 


100 


October  ' 


Percent 
18 
23 
18 
26 
15 


100 


August 
1950 


Percent 
7 
19 
12 
45 
17 


100 


1  Weekdays  only. 
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While  this  formula  may  apply  only  in  the 
case  of  the  special  situation  of  the  Maine  Turn- 
pike, it  may  be  worthwhile  to  test  it  in  other 
areas  to  see  whether  the  formula,  or  a  modi- 
fication of  it,  would  be  useful  in  making  pre- 
liminary traffic  estimates  to  determine  whether 
a  proposed  project  might  be  wrorthy  of  further 
investigation. 

Trip  Frequency 

As  traffic  is  stopped  and  interviewed,  a  num- 
ber of  other  characteristics  of  the  traffic  can  be 
examined  in  more  detail.  One  of  the  general 
elements  that  will  increase  the  understanding 
of  traffic  behavior  is  that  of  trip  frequency. 
Motorists  who  make  a  trip  through  an  area 
every  day  will  likely  be  acquainted  with  the 
location  and  condition  of  the  various  alternate 
routes.  The  infrequent  user  is  more  likely  to 
follow  route  markings  or  to  rely  on  general 
conceptions  of  the  desirability  of  various 
routes.  The  trip  frequency  of  traffic  in  the 
corridor,  as  determined  from  the  interviews, 
is  shown  in  table  3. 

It  is  of  considerable  significance  that  during 
the  summer  season  well  over  half  the  traffic 
was  making  the  trip  annually  or  less  frequently. 
Even  in  October  these  infrequent  trips  account 
for  approximately  one-third  of  the  traffic. 
Generally  speaking,  a  larger  percentage  of  ve- 
hicles making  infrequent  trips  would  be  ex- 
pected to  use  the  turnpike  than  would  those 
making  trips  on  a  more  frequent  basis.  The 
actual  percentages  arc  shown  in  table   I. 
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Tabic  4.— Percentage  of  corridor  traffic  using  Maine  Turnpike  according  to  trip  frequency 


Trip  frequency 


Daily 

Weekly 

Monthly. --- 

Yearly. 

Less  than  oner  yearly 
Average 


August  1948 


October  1948 


15 
34 
62 

si  I 
33 
48 


August  1950 


12 

29 
51 
65 
49 
50 


It  is  noted  that  the  percentage  use  varies 
with  frequency  about  as  expected  except  for 
those  trips  which  are  less  frequent  than  annual. 
Trip  frequency,  however,  does  provide  a  rather 
sensitive  indication  of  turnpike  use. 

Time  Ratio  Studies 

With  origin  and  destination  data  available, 
it  is  possible  to  establish  the  traffic  diversion 
to  the  turnpike  based  on  distance  and  time 
factors.  The  distance  between  zones  of  origin 
and  destination  was  measured  from  maps. 
Travel  time  on  U.  S.  1  and  the  turnpike  was 
obtained  from  field  measurements.  A  time- 
ratio  value  was  computed  as  time  required  to 
drive  from  origin  to  destination  via  the  turn- 
pike divided  by  the  time  required  via  TJ.  S.  1, 
except  for  trips  with  either  origin  or  destina- 
tion beyond  the  limits  of  the  turnpike.  For 
these  longer  trips,  the  time  was  computed  from 
a  point  near  the  turnpike  where  the  motorist 
must  make  a  choice  of  either  U.  S.  1  or  the 
turnpike.  The  time  ratio  was  computed  from 
this  point  of  choice.  Figure  5  shows  the  diver- 
sion of  passenger  cars  based  on  time  ratio. 

Data  for  trips  in  August  of  1948  and  1950 
were  used  in  establishing  the  time-ratio  curve. 
From  the  2-year  traffic  data,  a  measure  of  the 


100 


90 


80 


reliability  can  be  obtained  by  comparing  the 
diversion  in  each  year  with  the  average  diver- 
sion of  both  years. 

The  area  served  by  the  Maine  Turnpike  was 
divided  into  31  zones.  The  total  number  of 
trips  with  origin  or  destination  in  each  of  these 
zones,  together  with  the  percentage  of  trips 
made  on  the  turnpike,  were  established  for 
1948  and  1950.  The  diversion  to  the  turnpike 
of  trips  for  each  zone  varied  from  less  than  3 
percent  in  the  local  area  to  more  than  70  per- 
cent in  areas  of  surrounding  States. 

Assuming  that  the  average  of  1948  and 
1950  data  represents  the  most  probable  value 
of  diversion,  the  standard  deviation  of  diversion 
percentages  for  each  of  the  31  zones  for  each 
year  and  for  the  time-ratio  curve  is  as 
follows: 

Standard 
deviation 
percent 

1948  data 4.5 

1950  data 3.4 

Time-ratio  curve 8.0 

In  examining  each  of  the  individual  zones, 
it  was  noted  that  vehicles  on  trips  from  zones 
11  and  12  (fig.  1)  actually  divert  to  the  turn- 
pike at  a  much  higher  percentage  than  antici- 
pated from  the  time-ratio  curve.     A  study  of 


the  highway  network  of  the  area  indicates  thi 
reason  for  this  apparent  high  diversion.  In 
terviews  were  conducted  on  only  TJ.  S.  1  and 
the  turnpike.  Vehicles  traveling  betweei 
zones  11  or  12  and  Portland  (or  farther  north 
can  also  use  U.  S.  202  and  State  Route  22 
The  turnpike  can  and  probably  does  attraci 
some  of  the  trips  from  these  routes  thus  in- 
creasing the  number  of  trips  on  the  turnpike 
However,  the  trips  remaining  on  TJ.  S.  202  anc 
State  Route  22  are  omitted  from  the  sample 
Since  all  of  the  diverted  trips  but  only  part  o: 
the  total  trips  are  included  in  the  sample,  th< 
actual  percentage  diversion  is  understandablj 
high. 

Since  the  total  volume  of  trips  from  zonei 
11  and  12  is  small  and  the  time-ratio  curve  is 
the  result  of  the  smoothed  integration  of  al 
trips,  the  high  diversion  fr«m  these  two  zones 
does  not  materially  affect  the  time-ratic 
curve.  However,  from  a  statistical  stand- 
point, the  trips  from  these  zones  contribute  ar 
inordinate  amount  of  the  standard  deviation, 
If  zones  11  and  12  are  omitted,  the  standard 
deviation  of  the  remaining  29  zones  is  5.9  per- 
cent instead  of  the  8  percent  for  all  zones,    j 

Comparison  With  Other  Time-Ratio 
Curves 

While  the  time-ratio  curve  has  an  acceptable 
degree  of  statistical  accuracy  when  used  with 
Maine  data,  the  question  naturally  arises  as 
to  how  it  compares  with  other  studies  made  of 
time-ratio  curves.3    In  the  articles  cited  in  the 

3  The  effect  of  travel  time  and  distance  on  freeway  usage,  by 
Darel  L.  Trueblood.  Public  Roads,  vol.  26,  No.  12,  Feb.l 
1952;  also  Pennsylvania  Turnpike  traffic  analysis,  by  Daniell 
O'Flaherty.    Pages  203-223  of  this  issue. 
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Figure  5.— Percentage  of  passenger  cars  using  the  Maine  Turnpike  in  relation  to  the  time  ratio. 
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travel  on  the  Maine  Turnpike  for  years  1949-51,  as  compared  with 
1948. 


for  the  curve  rotation  is  probably  the  effect 
of  distance.  The  trips  on  the  Pennsylvania 
Turnpike  will  average  substantially  longer 
than  trips  on  the  Maine  Turnpike.  There- 
fore, for  equal  time  ratios  other  than  1.0, 
the  time  saved  or  lost  would  be  much  greater 
for  the  Pennsylvania  than  for  the  Maine 
Turnpike,  tending  to  increase  the  attractive- 
ness of  the  longer  turnpike  where  the  ratio  is 
less  than  1.0  and  to  decrease  it  where  the  ratio 
is  greater  than  one. 

A  study  of  the  rotation  of  the  two  curves 
indicates  a  number  of  features  that  should 
be  kept  in  mind  as  further  data  become 
available. 

1.  The  magnitude  of  time  saved  has  an 
effect  on  the  percentage  diversion.  At  a 
constant  time  ratio,  the  greater  the  time  saved 
the  greater  the  diversion. 

2.  The  magnitude  of  time  lost  also  has  an 
an  effect  on  the  percentage  diversion.  At  a 
constant  time  ratio,  the  greater  the  time  lost 
the  less  the  diversion. 

3.  While  the  magnitude  of  time  saved  and 
time  lost  affects  the  diversion,  the  effect  is 
less  than  that  of  time  ratio.  Thus,  it  is 
better  to  modify  the  time-ratio  curves  by 
considering  the  minutes  saved  or  lost,  than 
it  would  be  to  modify  minutes  saved  or  lost 
curves  by  time  ratio. 

4.  The  fact  that  the  diversion  is  the  same 
for  a  time  ratio  of  1.0  on  both  the  Maine  and 
Pennsylvania  Turnpikes  suggests  that  time 
ratio  is  a  more  vital  factor  than  distance  in 
traffic  diversion,  considering  the  fact  that  at 
this  time  ratio,  the  adverse  distance  would, 
on  the  average,  be  greater  for  the  longer 
turnpike. 

5.  The  Maine  and  Pennsylvania  Turnpikes 
approximate  the  minimum  and  maximum 
length  of  turnpikes  in  the  United  States. 
Most  turnpikes  will  fall  into  categories  some- 
where between  these  extremes. 


footnote,  it  is  found  that  the  curves  show- 
greater  diversion  to  the  limited-access  facili- 
ties. The  Shirley  Freeway  curve  (Shirley 
Memorial  Highway  in  Virginia)  if  applied  to 
the  Maine  data  would  result  in  38  percent 
greater  diversion  to  the  turnpike  than  actually 
exists,  illustrating  primarily  the  greater  attrac- 
tion of  traffic  to  a  free  road,  though  other 
factors  are  involved  such  as  more  points  of 
access  on  the  Shirley  Highway,  and  the  urban 
characteristics  of  the  area  through  which  the 
freeway  passes  as  compared  to  the  rural  charac- 
teristics of  the  Maine  Turnpike  area. 

Similarly  the  Pennsylvania  Turnpike  curve, 
though  for  a  toll  road,  indicates  an  18  percent 
greater  diversion  to  the  Maine  Turnpike 
It  is  noted,  however,  that  the  Maine  and 
Pennsylvania  curves  have  a  striking  similarity. 
Each  of  the  curves  show  a  diversion  of  about  18 
percent  of  the  traffic  when  the  time  ratio  is  1.0. 
For  higher  time  ratios,  the  Maine  Turnpike 
curve  indicates  greater  diversion  than  the 
Pennsylvania  Turnpike  curve  and  for  lower 
time  ratios,  the  Maine  curve  indicates  less 
diversion  than  the  Pennsylvania  curve.  Thus 
if  the  Maine  curve  is  rotated  about  the  point 
of  1.0  time  ratio,  it  will  practically  coincide 
with   the    Pennsylvania    curve.     The   reason 
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Figure  7. — Percentage  of  traffic  generated  in    the  Maine   Turnpike  corridor, 

1947-54. 
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TaMo  5.— Traffic  increase  on  U.  S.  1  and  the  Maine  Turnpike,  1948-54 


U.  S.  1 

Maine  Turnpike 

Total 

generated 

traffic 

Percent 
generated 

on 
turnpike 

Actual 
count 

Estimated 
normal 
increase 

Generated 
traffic 

Actual 
count 

Estimated 
normal 
increase 

Generated 
traffic 

1948 

1949  .-   

4, 191 
4.577 
5,033 

0,039 
6,  222 
6,  229 

4,433 

4,701 
4.982 
5,234 
5.477 
5,532 

144 
332 
509 
805 
745 
097 

3,321 

3,  719 
4,252 
4,809 
5.144 
5,438 
5,653 

3,510 
3,723 
3,945 
4,145 
4,337 
4,380 

209 
529 
864 
999 
1,101 
1,273 

353 

861 
1,433 
1,804 
1,846 
1,970 

59 
61 

60 
55 
60 
65 

195]           

1952 

1953.    

. 

Types  of  Trips  Made  on  the  Turnpike 

Traffic  using  the  Maine  Turnpike  in  the 
years  1948  through  1951  was  divided  into  four 
groups  as  follows: 

Through  trips.- — Trips  that  were  made  be- 
1  ween  the  two  terminal  interchanges. 

Local  south  trips.- — Trips  made  between  an 
intermediate  interchange  and  the  south  ter- 
minal interchange. 

Local  north  trips.- — Trips  made  between  an 
intermediate  interchange  and  the  north  ter- 
minal interchange. 

Local  trips. — Trips  made  between  two  in- 
termediate interchanges. 

Figure  G  shows  the  relative  number  of  trips 
in  each  category  and  the  contribution  of  each 
type  of  trip  to  the  total  vehicle-miles  traveled 
on  the  turnpike.  The  total  trips  and  vehicle- 
miles  of  travel  in  1948  are  shown  as  100  per- 
cent, and  the  quantities  in  the  succeeding 
years  are  related  to  the  1948  base  year.  It 
can  be  seen  that  through  trips  are  not  only 
the  most  frequent  but  contribute  more  than 
75  percent  of  the  total  traffic  in  each  of  the 
I  years. 

The  usefulness  of  figure  6  is  primarily  in 
determining  the  number  of  interview  lines 
that  would  be  required  in  estimating  traffic 
on  a  facility  comparable  to  the  Maine  Turn- 
pike. 

Interview  lines  at  the  north  and  south  ends 
intercepted  about  99  percent  of  the  total 
traffic  using  the  turnpike.  A  south  line  alone 
would  account  for  90  percent  of  the  traffic 
while  one  at  the  north  alone,  would  account 
for  about  85  percent  of  the  traffic. 

Effect  of  Toll  Rate 

The  Maine  Turnpike  offers  a  good  oppor- 
tunity to  measure  the  effect  of  various  toll 
rales.     In   May  1949,  the  toll  was  increased 


from  1.18  to  1.41  cents  per  passenger-car  mile 
and  in  May  1952,  the  rate  was  further  in- 
creased to  1.76  cents  per  passenger-car  mile. 
If  the  increased  toll  has  a  deterrent  effect,  the 
percentage  of  traffic  diverted  to  the  toll  road 
should  be  measurably  less  after  the  toll  is 
increased. 

Actually,  the  diversion  changed  only  slightly 
with  the  increase  in  toll.  In  the  11  months 
subsequent  to  May  1949,  the  traffic  diversion 
was  only  0.9  percent  less  than  the  11  months 
preceding  May  1949.  Similarly  in  the  11 
months  subsequent  to  May  1952,  traffic  diver- 
sion was  only  1.9  percent  less  than  in  the  11 
months  preceding  May  1952.  From  data 
appearing  in  an  earlier  part  of  this  article,  it 
was  shown  that  diversion  tends  to  increase  as 
the  total  corridor  volume  increases.  In  the 
11  months  subsequent  to  May  1949,  the  aver- 
age corridor  traffic  volume  increased  by  675 
vehicles  per  day  which  corresponds  to  a  0.5- 
percent  increase  in  diversion.  Similarly  the 
increased  corridor  volume  subsequent  to  May 
1952,  was  1,150  vehicles  per  day  correspond- 
ing to  an  0.8-percent  increase  in  diversion. 

It,  therefore,  seems  reasonable  to  assume 
that  increasing  the  toll  rate  from  1.18  to  1.41 
cents  per  passenger-car  mile  had  a  total  effect 
of  losing  the  0.5  percent  anticipated  increase 
plus  the  0.9  percent  actual  decrease  for  a  total 
decrease  of  1.4  percent  in  diversion  of  passen- 
ger cars.  Similarly  the  increase  in  tolls  from 
1.41  to  1.76  cents  per  passenger-car  mile  had 
the  effect  of  losing  the  0.8  percent  anticipated 
increase  plus  the  1.9  percent  actual  decrease 
or  the  total  decrease  of  2.7  percent.  Combin- 
ing the  two  figures,  the  total  effect  of  increas- 
ing the  toll  rate  from  1.18  to  1.76  cents  per 
passenger-car  mile  was  a  4.1-pefcent  reduc- 
tion in  the  turnpike  percentage  of  passenger 
cars  passing  through  the  corridor,  which 
amounts  to  an  8.2-percent  decrease  in  the  num- 
ber   of    passenger    cars    using    the    turnpike. 


Since  the  toll  rate  was  increased  50  percent 
and  traffic  only  decreased  8.2  percent,  the  nel 
result  was  a  38-percent  increase  in  revenue. 

It  is,  therefore,  apparent  that  toll  rates  up  tc 
1.76  cents  per  passenger-car  mile  will  be  paic 
in  areas  similar  to  the  Maine  Turnpike  cor- 
ridor without  a  significant  change  in  the  num- 
ber of  passenger  cars  using  the  toll  road. 

Traffic  Generation 

Figure  2  indicates  that  total  traffic  on  bott 
the  turnpike  and  U.  S.  1  has  been  increasing  at 
a  greater  rate  than  for  other  important  roads 
in  the  State.  This  excess  increase  is  caused, 
for  the  most  part,  by  traffic  generation  al 
though  the  increase  probably  includes  diver 
sion  from  more  distant  routes,  normal  varia 
tion  in  traffic  flow,  and  development  traffic. 

Assuming  the  increase  on  the  other  impor- 
tant rural  roads  represents  the  increase  that 
could  have  been  anticipated  had  not  the  turn 
pike  been  constructed,  the  excess  increase  ir 
the  volume  of  traffic  in  the  Maine  Turnpike! 
corridor  is  shown  in  figure  7  as  traffic  genera 
tion.  The  percentage  shown  is  the  amount 
that  normally  increasing  traffic  would  have  to 
be  further  increased  to  equal  the  actual  traffi 
volume.  Figure  7  indicates  that  traffic  in  the 
corridor  increased  at  a  greater  rate  than  nor- 
mal for  about  5  years,  at  which  time  it  was 
about  30  percent  larger  than  would  have  been 
anticipated  from  normal  growth. 

While  figure  7  indicates  traffic  generation  on 
both  U.  S.  1  and  the  turnpike,  it  does  not  pro- 
vide any  information  showing  which  facility 
was  used  by  the  generated  traffic.  This  can 
be  approximated  in  another  manner. 

If  the  1948  average  daily  traffic  on  U.  S 
and  the  turnpike  is  increased  at  the  same  rate 
as  other  important  roads  in  Maine,  it  will  be 
found  that  the  computed  traffic  is  not  as  large 
as  the  actual  traffic  as  shown  in  table  5. 

From  the  table  it  can  be  seen  that  about  60 
percent  of  the  traffic  generated  since  1948  is 
attracted  to  the  turnpike  and  about  40  percent 
to  TJ.  S.  1.  It  is  of  interest  to  note  that 
U.  S.  1  continued  to  increase  at  a  rate  greater 
than  normal  until  1953,  after  which  it  in- 
creased at  a  rate  less  than  normal.  The  aver- 
age daily  traffic  on  U.  S.  1  in  1953  and  1954 
was  practically  constant  at  about  6,225 
vehicles,  which  is  approximately  1,900  ve 
hides  per  day  per  10-foot  lane — nearly  the 
same  as  in  1947.  This  observation  suggests 
that  U.  S.  1  has  again  reached  a  point  of  con- 
gestion where  traffic  seeks  to  avoid  it. 
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A  recent  report,  The  Financing  of  Highways 
by  Counties  and  Local  Rural  Governments, 
1942-51,  is  the  second  publication  resulting 
from  an  extensive  long-term  study  by  the 
Bureau  of  Public  Roads.  The  report  pre- 
sents a  discussion,  and  detailed  statistical 
data,  concerning  the  financing  of  highways  by 
the  county  and  local  rural  governments  during 
the  10-year  period.     Included  is  information 
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for  each  year,  by  States,  on  county  and  local 
receipts,  expenditures,  and  debt  for  rural 
highways.  Comparisons  with  earlier  years 
are  included  in  the  summary  tables  and  charts. 
The  report  was  made  possible  by  the  col- 
lection of  the  basic  data  through  the  efforts 
of  the  State  highway  departments,  the  county 
and  local  governments,  and  the  field  offices 
of  the  Bureau  of  Public  Roads.     The  analysis 


and  presentation  were  the  work  of  the  Finan- 
cial and  Administrative  Research  Branch, 
Bureau  of  Public  Roads. 

This  publication  is  a  sequel  to  the  first 
study  report,  The  Financing  of  Highways  by 
Counties  and  Local  Rural  Governments, 
1931-41.  The  present  report  is  available 
from  the  Superintendent  of  Documents, 
U.  S.  Government  Printing  Office,  Washington 
25,  D.  C,  at  75  cents  a  copy. 
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STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 


AS  OF  AUGUST  31,    1955 
(Thousand  Dollars) 


UNPROGRAMMED, 
BALANCES     ±J 


ACTIVE     PROGRAM 


PROGRAMMED  ONLY 


i   <  >\MRl   l     MUM   MM  X    \\    \-. 


California 
Colorado 
Connecticut 


$24,105 

12,337 
-19,656- 


27,936 
20,814 
23,164 


$11,897 
2,850 
6,372- 


45,874 
8,948 

1,140 


$6,316 
2,165 
3,414 


285.9 

65.6 

-24S.4 


25,117 
4,997 
-57Q- 


262.2 

182.4 

JuO. 


$5,210 
1,347 
-5,037- 


8,061 

1,888 

506- 


$2,904 
947 
2,701 


64.0 
40.9 
6&^ 


"♦,625 

1,202 

2S0 


8.2 
18.4 
.9- 


$44,376 

10,690 

-21^702 


133, 431 
19,577 
9,309 


$22,551 

7,812 

11,040 


65,777 

10,523 

_Ju602 


726.3 
I85.O 
534.7 


319.0 

188.6 

.  12.3 


$61,483 
14,887 

_  33,m 
187,366 

30,413 
10.955. 


$31,771 

10,924 

_  17,155 


95,519 
16,722 

5,422 


1,076.2 
291.5 
851.3 
589.4 
389.4 
19.2 


Delaware 

Florida 
Georgia 

Idaho 

Illinois 

Indiana 


6,951 
18,338 

30,255- 


10,696 
35,589 
-33,117- 


2,546 
20,742 
19,113 


4,674 
46,064 
23,955- 


1,288 

10,773 

-  9.619 

2,999 
26,117 
12,945 


15.8 
345.0 
366.3 


80.3 
430.9 
112.6 


400 
10,242 
-9,364 


4,136 
15,156 


207 
5,158 
4>7Q 


2,756 
7,798 
5,753 


13.0 
72.7 
-67^5- 


66.0 
37.4 
66.4 


8,106 
24,782 
44,062- 


4,395 
12,557 

-20^684 


14,512 
91,817 

42,772 


9,218 

48,711 

-22,615 _ 


23.1 
280.3 
764.4 


239.6 
728.4 
137.1 


11,052 
55,766 
72,539. 


23,322 

153,037 

77.968 


5,890 

28,488 

-3JU5.82_ 


14,973 
82,626 
41,313 


51.9 

698.O 

1,198.2 


385.9 

1,196.7 

316.1 


Iowa 

Kansas 

Kentucky 


Louisiana 

Maine 

Maryland 

Massachuse 

Michigan 

Minnesota 


Mississippi 

Missouri 

Montana 


Nebraska 

Nevada 

New  Hampshire 


22,000 
21,423 

-18,442- 


18,402 

8,689 

14.602- 


14,990 

9,826 

12,429 


9,962 

8,821 

21,011 


8,338 
4,922 
6.732 


575.7 
768.4 
102-3- 


27,549 
31,143 
23,10? 


16,533 
27,096 
21,295 


9,950 

46,415 

3,120 


4,981 
4,707 
11,036 


19,146 

15,719 

8,003 


8,238 

23,103 

9,909 


4,965 

24,115 

4,690 


74.9 
71.1 
83-9 


5,854 
6,017 
2,961 


20,499 
2,911 
1,940 


4,030 

12,257 

6,179 


25.9 
729.3 
441.1 


6,346 
776 
4,944 


3,090 
3,222 
1,763 


10*657 
2,473 
_92S_ 


319.0 

1,035.0 

210.0 


3,686 
14,808 
,767- 


3,173 

390 

2,274 


96.0 
99.2 
32.7 


28,587 
23,662 
40,354 


15,675 
11,877 
20,504. 


6,772 
3,508 
6,157 


1,831 
7,724 
5,339 


91.5 

5.6 

15.6 


951.1 
78.3 
12.7 


6,025 
781 
997 


3,778 
1,887 
3.560 


6.6 

102.7 

-40,9.0. 

110.2 

5.5 
138.8 


42,700 
13,279 
12,540 


20,226 
6,805 

-6,668 


1,079.3 

1,002.8 

646.2 


461.8 

116.9 

81.6 


49,431 
39,505 
55,744 


43,917 
46,720 
36,324 


2,731 
650 

Jafi 


64.9 
21.0 

6.1 


30,240 

79,270 

23,408 


20,442 
23,468 
18,930- 


£ 


32,694 
7,951 
6,572 


15,31 

41,175 
14.817 


41.3 
434.5 
1,232.5 


59,008 
22,876 
38,495 


17,958 
6,666 
3,37^ 


775.0 
1,324.1 
419.0 


57,553 

107,943 

55.211 


856.9 
149.2 

41.2 


45 ',250 

105,881 

39,474 


59,218 

11,643 
9.509 


27,103 

20,021 
28,999 
28,380 
11,902 
19,976 


27,238 

55,307 

-28, 


23,188 
55,319 
24,556 


31,346 

9,789 

J^842 


23,870" 

10,794 

133.041 


1,751.0 

1,870.4 

781.2 


628.2 
193.6 
181,1^ 


73.8 
1,266.5 

-2,082.6 


1,20572 
2,364.6 
767.8 . 


1,872.9 
246.5 
60.0 


134.4 
335.2 
442.6 


New  Jersey 
New  Mexico 
New  York 

North  Carolina 
North  Dakota 
Ohio 


Oklahoma 

Oregon 

Pennsylvania 


Rhode  Island 
South  Carolina 
South  Dakota 


Tennessee 

Texas 

Utah 


Vermont 
Virginia 
Washington 

West  Virg.nif 
Wisconsin 

Wyoming 


Hawaii 

I  iolutnbie 
Puerto  Rico 


25,845 

13,876 

.82,983-. 


26,501 
13,132 

-43,949- 


14,086 

3,328 

-19,697- 


25,849 
13,611 
46,777 


18,281 

5,494 

-52,607- 


6,586 

2,106 

10,230- 


57.7 
57.8 
46.6 


9,040 

2,784 

-26,404- 


12,720 

9,127 

49,629- 


7,392 
16,672 
12,947 


28,805 

58,289 

9,4?fi 


3,744 
12,448 
-13,102- 


6,843 

5,458 

-24,56X 


305.4 
888.8 
163^- 


8,097 

3,978 

34,745 


4,026 

2,583 

-16,803- 


6,504 
25,501 
-16,499- 


15,188 
19,979 
-M59- 


18,853 
26,279 
,8,979 


1,820 
12,940 
17,441- 


1,872 
6,673 
7,546. 
7,552 
10,388 
-3,574 


274.3 

113.7 

77.1 


5,370 

7,078 

10,889 


14,405 

1,934 

-25,981 


2,624 
3,548 
5,350 


17.4 
78.2 
78.7 


84.7 

699.0 

23.4 


28,648 

9,545 

226,876 


10.7 
360.2 
-641. 


6,070 
10,498 

13a226- 


10,067 
10,801 
— 3..825_ 


1,355 
4,977 
2,633 


914 
6,652 
5^22_ 
5,140 
5,258 


260.9 

423.8 
79.0 


3,161 
5,005 
3,527 


7,333 

1,156 

13,307 


678 
2,489 
.1.272 


1,114,567 


723,347 


383,435 


17.9 

220.6 

JJ5-^ 

46.8 
174.6 

66.0 


2.7 

6.6 

15.3 


12,367.1 


6,650 
22,238 
2,258 
103 
5,617 
3,26a 


1,580 
2,686 
2,055 


166.9 

6.6 

-63-9. 


43,334 
12,112 
60,735 


13,258 

6,105 
105,958 


2.4 

23.3 


27,694 
16,741 
93,190 


21,419 

6,088 

29.005- 


59.3 
199.2 
317.3 


J38 


3,325 

12,109 

1,645 


64.4 

215.7 

12.5 


11,458 
18,563 

9,892 


36,456 
81,606 

j2^oa 


3,824 

5,374 

-99i 


53 

2,631 

1,937 


..1 

67.7 
62.1 


1,905 
2,677 
_640_ 


3,970 
317 

1,790 


1,960 
158 

83b 


28.0 
29.0 

35.3 


8,761 
23,732 
_ 21*708 


4.2 
.6 


17,579 
44,851 
15,536 


4,247 
12,198 
16.074 


332,551 


173,408 


3,635.1 


1,787,098 


14,518 
10,341 
46,331 


651.9 
609.8 
107.2 


50,831 

16,851 

281,318 


5,742 
9,801 
5.716 


387.6 
237.1 

254.3 


66,985 

24,684 

124.231 


54,819 
27,802 

109.800 


16,512 

43, 118 

9,265 


36.9 
344.7 


4,584 
11,725 
14431 


442.3 

1,219.9 

234.2 


18.363 
36,016 
26,521 


8,8 
22,463 
10.037 


83.8 
299.7 
137.8 


58,294 

123,823 

19,225 


1,851 
5,755 
7,3H 


1579 
586.9 

322.3 


10,684 
42,289 
42,411 


31,470 
61,026 

20,352 


10.2 

3.5 

_59^1 


911,724 


19,963.3 


9,572 
17,492 
20,497 


33,083 
12,420 
60.759 


28,694 
16,955 
84,205 


9,194 
19,160 
15.317 


27,389 
65,615 

14,484 


5,551 
21,008 
22,990 


15/885 
30,398 
13,142 


8,402 

9,419 


1,042.0 
2,197.6 

294.2 


828.8 
357.4 
395.8 


50.0 
728.2 
1.258.1 


767.6 

1,859.4 

325.7 


101.8 
588.O 
375.1 


153.7 
790.5 
423.6 


17.1 
10.7 
77.8 


2,842,996 


1,468,567 


35,965.5 


1/     IncludeH  1957  apportionment  effective  August  9,   1955. 
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Traffic  and  Travel  Trends.  1954 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


In  keeping  with  the  prime  significance  of  highway  transportation,  this  article 
discusses  the  growth  in  traffic  volumes  carried  on  rural  roads  and  city  streets  bv 
vehicle  types,  and  presents  more  detailed  data  than  were  available  heretofore. 
Material  received  from  the  several  State  highway  departments  in  connection  with 
the  major  highway  studies  of  1954  has  made  it  possible  to  establish  new  bench- 
marks from  which  more  accurate  estimates  of  future  travel  and  traffic  trends 
can  be  based. 

A  comparison  of  rural  and  urban  travel  in  1954  shows  the  following  highway 
usage:  rural.  56.6  percent;  and  urban,  43.4  percent.  In  1948,  the  division  was 
about  equal.  Since  1949  truck  travel  in  rural  areas  has  increased  at  a  faster  rate 
than  in  urban  areas,  and  passenger  cars  have  exceeded  that  rate.  On  the  other 
hand,  truck  travel  in  urban  areas  gained  more  rapidly  than  did  that  of  passenger 
cars.  Travel  by  all  types  of  vehicles  on  all  roads  and  streets  increased  more  than 
22  percent  since  1950. 

The  growth  of  travel  on  all  roads  and  streets  bv  trucks  and  truck  combinations 
for  the  period  1940—54  far  exceeds  that  for  passenger  cars  anil  buses.  Truck 
travel  increased  112  percent;  passenger  cars,  81  percent;  and  buses,  65  percent. 

With  the  exception  of  the  war  years  and  a  few  years  thereafter,  the  trend  of 
total  travel  follows  closely  the  economic  trend  as  represented  by  the  Gross 
National  Product.  Preliminary  estimates  of  travel  for  1955  indicate  an  increase 
of  4.6  percent  over  the  previous  year. 

Average  daily  travel  on  all  rural  roads  in  1954  was  869  million  vehicle-miles 
compared  with  845  million  in  1953,  a  2.9  percent  increase.  Travel  on  main  rural 
roads  in  1954  tvas  98 percent  above  1940;  passenger-car  mileage  ivas  up  93 percent ; 
while  truck  and  truck-combination  travel  increased  116  percent. 

The  weights  of  single-unit  trucks,  loaded  or  empty,  have  increased  only  about 
10  percent  from  1936  to  1954.  Truck-combination  weights  increased  rather 
steadily  throughout  the  period — loaded  weights  being  some  61  percent  greater 
and  empty  iveights  about  73  percent  greater  in  1954  than  in  1936.  Ton-mileage 
hauled  in  single-unit  trucks  increased  from  14.3  billion  in  1936  to  36.6  billion  inl954. 
For  truck-combinations,  ton-mileage  increased  from  13.7  billion  in  1936  to  107.3 
billion  in  1954.  In  1950,  18.5  percent  of  the  truck  and  truck-combination  travel 
was  by  two-axle  tractors  pulling  single-axle  semitrailers,  while  travel  by  the  same 
type  of  tractor  with  dual-axle  semitrailers  amounted  to  only  9  percent.  By  1954 
this  relation  had  changed  materially,  the  dual-axle  semitrailers  being  consid- 
erably more  numerous.  In  1954,  the  four-axle  combinations  also  accounted  for 
a  larger  portion  of  the  ton-mileage  than  any  other  single  vehicle  type,  whereas 
in  1950  the  three-axle  combinations  predominated. 

This  change  is  reflected  in  axle  loads.  The  frequency  of  axles  neighing  18,000 
pounds  or  more  in  1950  was  over  seven  times  that  in  1936,  but  from  the  1950  high 
there  was  a  consistent  yearly  drop  which  amounted  to  35  percent  by  1954.  The 
frequencies  for  20,000-  and  22M0-pound  axles  decreased  more  than  one-half 
during  the  same  period.  While  the  frequency  of  loads  exceeding  State  legal 
limits  by  5  percent  changed  little,  there  appears  to  be  a  real  reduction  in  the 
percentage  of  higher  overloads.  Overloads  of  50  percent  were  rare  after  1951, 
and  overloads  of  20  to  50  percent  declined  noticeably. 


THE  ever-increasing  importance  of  our 
highways  in  the  movement  of  persons  from 
point  to  point  and  of  goods  from  producer  to 
consumer  makes  a  thorough  knowledge  of  such 
movements,  their  volumes,  present  trends,  and 
potential  future  levels  of  great  interest  and 
importance  to  persons  engaged  in  transporta- 
tion studies  or  in  the  design  of  traffic  facilities. 
In  the  5-year  period  beginning  in  1936 
(mostly  in  1936  and  1937),  47  of  the  48  States 
in  cooperation  with  the  Bureau  of  Public 
Roads  conducted  surveys  for  a  12- month 
period  to   collect   data  which  would  supply 
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comprehensive  information  concerning  vehicle 
characteristics  and  travel  habits.  The 
measuring  of  road  mileages,  the  counting  of 
traffic  by  vehicle  type,  the  weighing  of  trucks 
on  rural  roads,  and  the  questioning  of  drivers 
concerning  origin  and  destination  and  miles 
driven  on  different  road  systems  during  the 
preceding  year  supplied  basic  data  from  which 
a  vast  amount  of  information  regarding 
travel  habits,  ton-miles  hauled  on  rural 
systems,  and  vehicle-miles  driven  on  all 
systems  could  be  calculated  for  the  period  of 
the  survey. 


Reported  by  THOMAS  B.   DIMMICK 
Head,  Current  Data  Analysis  Unit 

Since  the  original  surveys,  the  States  have 
operated  automatic  traffic  recorders  at  a  large 
number  of  locations  and  have  adopted  other 
continuing  operations  which  provide  sufficient 
data  for  estimating  trends  in  traffic  volumes. 
Periodic  weighing  operations,  combined  with 
manual  classified  counts  of  all  vehicles  passing 
the  weighing  stations,  have  been  made  which 
provide  information  concerning  vehicle  types 
and  weights  as  well  as  their  loading  habits. 
By  means  of  these  trends,  annual  estimates 
were  published  showing  for  each  year  the 
travel  on  rural  roads  from  1936  to  1952  and 
on  city  streets  from  1936  to  1948.1  By 
combining  carried  load  data  with  vehicle- 
mileage  figures,  the  ton-mileage  of  freight 
hauled  on  main  rural  roads  was  estimated  for 
each  year.  Sufficient  data  are  not  available 
to  justify  publishing  estimates  of  ton-mileage 
carried  on  local  roads.  No  data  are  available 
concerning  loads  carried  on  city  streets  and 
no  attempt  has  been  made  to  estimate  the 
amount  of  this  haulage. 

Between  1946  and  1950,  estimated  volumes 
of  total  urban  and  rural  travel  from  1936  to 
1948,  inclusive,  were  published  annually  in 
Public  Roads.  These  estimates  were  based 
on  comprehensive  statewide  traffic  sur 
made  in  the  1936-37  period,  and  were  adjusted 
each  year  by  the  use  of  variable  indices  such 
as  motor-fuel  consumption  and  motor-vehicle 
registration.  Following  the  issuance  of  the 
1948  data,  it  became  apparent  that  significant 
changes  in  factors  affecting  travel  had 
occurred.  The  decision  was  made  at  that 
time  to  discontinue  publishing  1h<'  series  until 
the  States  had  collected  a  sufficient  body  of 
current  data  on  urban  travel. 

Urban  Travel  Data  Improve 

Man     -  ow  have  adopted  some  plan  of 

observing  the  trends  in  urban  travel  either  by 
means  of  continuous  or  part-time  counts,  and 
several  have  made  sufficient  counts  to  enable 
them  to  estimate  accurately  vehicle-miles  of 
travel  on  the  streets  of  their  key  cities.  Mos 
States  are  now  able  to  report  t  lie  a\  erage  daily 
travel  on  the  urban  extensions  of  Mate  high- 
\va\  md  other  arterial  streets  of  their 

cities,  and  to  estimate  with  a  reasonable  degree 
of  accuracy  the  travel  on  all  of  the  streets. 

Although  approximations  may  have  to  be 
made  concerning  the  lightly  traveled  local 
streets,  a  hum'  expenditure  of  funds  to  deter- 
mine accurately  the  amount  of  travel  on  them 
is  not  justifiable.  Motor-vehicle-nse  surveys, 
made  in  several  States  in  recent   years,  have 


i  See  previous  articles  on  traffic  in  Public  Roads:  vol.  27, 
Nos.  6  and  11;  vol.  26,  Nos.  5  and  11;  vol.  25,  Nos.  3,  7,  and  12; 
vol.  24,  No.  10;  and  vol.  23,  No.  9. 
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Table  1. — Estimate  of  motor-vehicle  travel  in  the  United  States  by  vehicle  types,  1949-54 


Vehicle  type 

Travel  in  millions  of  vehicle-miles  for  calendar  years— 

1949 

1950 

1951 

1952 

1953 

1954 

Passenger  curs:  ' 

168, 897 
173,581 
342,  478 

1,470 
2,030 
3,500 

677 

75 

752 

2,147 
2,105 
4,  252 

171,044 
175,686 
346,  730 

48,  053 
29,  678 
77,  731 

219,  097 
205, 364 
424,  461 

181,  095 

182,  518 
363,613 

1,394 

1,877 
3,271 

729 

81 

810 

2,123 

1,958 
4,081 

183,  218 
184, 476 
367,  694 

56,  780 
33,  772 
90,  552 

239,  998 
218,  248 
458,  246 

205,  375 
186,  756 
392, 131 

1,381 
1,822 
3,203 

823 

92 

915 

2.2C4 
1,914 
4,118 

207,  579 
188,  670 
396,  249 

60,843 
34,  001 
94,844 

268,  422 
222,  671 
491,  093 

222,  064 
188,123 
410, 187 

1,444 
1,750 
3,194 

1,026 

114 

1,140 

2,470 
1,864 
4,334 

224,  534 
189,  987 
414,  521 

64,929 
34, 131 
99,  060 

289, 463 
224, 118 
513,  581 

237,  567 
197,  784 
435, 351 

1,455 
1,856 
3,311 

1,024 

114 

1,138 

2,479 
1.970 
4,449 

240, 046 
199,  754 
439,800 

68,329 
36,  304 
104, 633 

308, 375 
236, 058 
544,  433 

246,  300 
204,  305 
450,  605 

1,  453 
1,743 
3,196 

1,091 

121 

1,212 

2,544 
1,864 
4,408 

248,  844 
206, 169 
455, 013 

68, 374 
37,  470 
105,  844 

317,218 
243,  639 
560,  857 

Total                                    

Commercial  buses: 

Total         

School  and  nonrevenue  buses: 

Total 

All  buses: 

Total             - - 

All  passenger  vehicles: 

Total  

Tracks  and  combinations: 

Total 

All  motor  vehicles: 

Total - 

1  Includes  taxicabs. 


provided  additional  data  concerning  travel  on 
all  types  of  city  streets.  While  much  is  desired 
in  the  way  of  more  complete  urban  travel  data 
for  the  major  thoroughfares,  considerable 
progress  is  being  made  in  the  collection  of  this 
information. 

New  Travel  Trend  Base  Established 

The  Federal- Aid  Highway  Act  of  1954  di- 
rected that  a  study  be  made  of  the  costs  of 
completing  the  several  systems  of  highways  in 
the  several  States.  One  important  result  of 
the  States'  cooperation  in  this  study  was  a 
complete  estimate  of  vehicle-miles  of  travel  in 
1953  on  all  systems,  urban  as  well  as  rural. 
These  State  estimates,  based  on  the  best  avail- 
able data  regarding  current  travel  on  the 
various  systems  of  roads  and  streets,  now 
make  it  possible  to  establish  a  new  base  for 
national  vehicle-mileage  estimates. 

The  new  vehicle-mile  totals  check  closely 
with  those  previously  calculated  from  trend 
data  since  1948.  The  new  main  rural  road 
figure  is  only  a  small  fraction  of  one  percent 
larger  than  the  old  trend  figure.  Somewhat 
larger  discrepancies  were  found  between  the 
old  and  new  local  rural  road  and  urban  street 
estimates  although  the  totals  are  practically 
the  same.  In  fact,  the  new  total  vehicle- 
mileage  estimate  exceeded  the  old  trend  total 
by  only  0.4  of  one  percent.  Such  close  concur- 
rence of  the  two  estimates  indicates  that  the 
plan  of  adjusting  vehicle-mileage  figures  by 
means  of  trends  is  satisfactory  for  the  main 
highway  systems,  provided  the  estimates  are 
checked  periodically  to  adjust  for  the  mileage 
changes  that  occur. 

Urban  Travel  Estimates  Extended 

Since  the  1953  vehicle-mileage  total  com- 
pared so  favorably  with  the  figure  derived 
from  the  State  reports,  all  estimates  for  the 
years  1949-54  have  been  adjusted  to  remove 
the  discrepancy  indicated  by  the  1953  check. 
Table  1  gives  the  estimated  travel  in  millions 
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of  vehicle-miles  by  passenger  cars,  commercial 
buses,  school  and  nonrevenue  buses,  and  trucks 
on  rural  roads  and  on  urban  streets  for  the  6 
years  commencing  with  1949  when  publication 
of  urban  travel  estimates  was  discontinued. 
A  comparison  of  the  figures  indicates  that 
truck  travel  is  increasing  at  a  faster  rate  in 
rural  areas  than  in  urban.  At  the  same  time, 
travel  by  passenger  cars  is  increasing  even 
faster  on  rural  roads  than  truck  travel.  Con- 
versely, truck  travel  on  urban  streets  is  in- 
creasing faster  than  passenger-car  travel. 
Commercial-bus  travel,  both  rural  and  urban, 
is  decreasing  while  school  bus  travel  is  rapidly 
increasing.  Total  travel  has  increased  over  22 
percent  in  the  4  years  since  1950. 
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Travel  Follows  Economic  Trend 

Travel  on  all  rural  roads  and  streets,  motor-  ] 
vehicle  registration,  motor-fuel  consumption, 
and  the  Gross  National  Product  are  shown  in  j 
figure  1  for  the  years  1936-54,  inclusive,  as  a 
percentage  of  the   1950  values.     This  chart 
indicates  that,  with  the  exception  of  the  war  i 
years  and  a  few  years  thereafter  when  traffic 
restrictions  drastically  curtailed  travel  while 
production  was  stimulated,  the  trend  of  total 
travel  follows  closely  the  economic  trend  as 
represented  by  the  Gross  National  Product. 

Immediately  following  the  war,  the  Gross 
National  Product  declined  and  then  leveled  i 
off  while  traffic  increased  rapidly.  The  curves 
came  together  again  in  1949  and  followed  i 
closely  until  1954.  The  downward  trend  of  I 
production  in  1954  (which  proved  to  be  only 
temporary)  was  reflected  only  slightly  in  high- 
way travel ;  the  rate  of  increase  was  3  percent 
from  1953  to  1954  compared  with  6  percent 
from  1952  to  1953.  The  volume  of  truck 
travel  in  1954,  however,  was  only  1.2  percent 
above  the  previous  year's  total  and  ton- 
mileage  hauled  in  1954  was  2  percent  less  than 
in  the  previous  year.  Preliminary  estimates 
of  travel  and  Gross  National  Product  for  1955 
indicate  that  both  quantities  will  be  about 
4.6  percent  greater  than  in  the  previous  year. 

Figure  2  shows  traffic  volumes  on  rural 
roads  and  urban  streets  for  each  of  the  years 
1936-54,  as  a  percentage  of  such  travel  in 
1950.  It  is  noticeable  that  from  1936  to  1948 
the  curves  representing  rural  roads  and  urban 
streets  are  very  similar.  From  1948  on,  how- 
ever, rural  travel  increased  at  a  fairly  uniform 
rate  with  only  a  slight  indication  of  leveling 
off,  while  urban  travel  increased  each  year  but 
at  a  much  reduced  rate,  which  resulted  in  a 
considerable  spread  between  the  two  curves. 
The  past  year  was  an  exception  to  the  general 
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Figure  1. — Total  travel,  motor-vehicle  registration,  motor-fuel  consumption,  and  Gross 
National  Product,  1936-54,  as  a  percentage  of  the  respective  amounts  in  1950. 
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Figure  2. — Travel  on  all  rural  roads  and  streets,  1936-54,  as  a  percentage  of  such  travel 

in  1950. 


trend  that  prevailed  from  1948  through  1953, 
since  in  1954  urban  travel  increased  3.2  per- 
cent while  rural  travel  increased  only  2.9 
percent.  This  difference  is  small  and  probably 
of  little  significance. 

In  1948  and  previous  years  for  which  esti- 
mates were  made,  the  total  volumes  of  urban 
and  rural  travel  were  approximately  equal. 
For  instance,  the  1936  estimates  indicated 
that  rural  traffic  accounted  for  48.66  percent 
of  all  travel,  while  in  1948  the  figure  was 
49.97  percent.  Since  1948,  rural  travel  has 
exceeded  urban  travel  to  an  increasing  degree. 
The  relation  of  rural  travel  to  total  travel  in 
the  succeeding  years  was  as  follows:  51.62 
percent,  1949;  52.37  percent,  1950;  54.66  per- 
cent, 1951;  56.36  percent,  1952;  56.64  percent, 
1953;  and  56.56  percent,  1954. 

Table  2  shows  the  estimated  amounts  of 
travel  in  1954  on  main  rural  roads,  local  rural 
roads,  and  urban  streets  for  passenger  cars, 
buses,  and  trucks  together  with  the  number 
of  vehicles  registered  and  the  quantity  of 
motor  fuel  consumed.  The  travel  figures 
were  obtained  by  applying  the  available  trends 
to  the  1953  data,  which,  as  previously  stated, 
were  derived  from  the  various  State  reports 
submitted  for  the  nationwide  highway  study. 
In  general,  the  table  is  comparable  to  the 
one  compiled  for  a  study  made  in  1948.2  In 
addition  to  traffic  volumes  and  data  concern- 
ing vehicles  registered  and  motor  fuel  con- 
sumed, table  2  shows  average  miles  of  travel 
per  vehicle,  average  consumption  of  motor 
fuel  per  vehicle,  and  average  travel  per  gallon 
of  fuel  consumed.  One  feature  to  be  found 
in  this  table,  and  not  included  in  the  1948 
study,  is  the  segregation  of  travel  data  on 
main  roads  and  local  roads. 

2  Trends  in  motor-vehicle  travel,  1948,  by  G.  P.  St.  Clair. 
Public  Roads,  vol.  25,  No.  12,  Feb.  1950,  p.  296. 
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A  comparison  of  vehicle-miles  of  travel  on 
all  roads  and  streets  in  1940,  1945,  1950,  1953, 
and  1954  is  given  in  table  3.  Probably  the 
most  significant  relation  shown  by  this  table  is 
the  greater  increase  of  travel  by  trucks  and 
truck  combinations  in  comparison  with 
passenger  cars  and  buses  until  1950.  Travel 
by  trucks  and  truck  combinations  in  1954 
was  112  percent  greater  than  in  1940.  The 
total  increase  for  passenger-car  travel  during 
the  period  was  81  percent.  Bus  travel  leveled 
off  considerably  and  only  a  65-percent  gain  is 
indicated  for  this  period.  The  percentage  of 
all  rural  and  urban  travel  by  trucks  and  com- 
binations increased  from  16.52  percent  in  1940 
to  18.87  percent  in  1954. 


Rural- Road  Travel  Increases 

Figure  3  shows  the  annual  vehicle-miles  of 
travel  on  all  rural  roads  by  12-month  periods 
ending  each  month  (moving  average)  from  the 
end  of  1936,  the  first  year  of  the  planning 
surveys,  to  the  present.  This  method  of 
presentation  reduces  the  seasonal  fluctuations. 
The  portion  of  the  curve  from  the  end  of  1946 
tlu^-ish  1950  indicates  that  the  increases 
averaged  over  10  percent  each  year  and  was 
almost  12  percent  during  1951.  During  1952 
and  1953,  the  annual  increases  were  about  7 
percent  and  in  1954,  the  increase  dropped  to 
3  percent.  Reports  for  the  first  half  of  1955 
indicate  an  increase  of  4  to  5  percent  for  the 
calendar  year. 

Travel  on  all  rural  roads  in  the  eastern, 
central,  and  western  regions  of  the  country,3 
by  12-month  periods  ending  each  month,  is 
shown  in  figure  4  as  a  percentage  of  such  travel 
in  1950.  Since  1950,  traffic  has  consistently 
increased  more  in  the  eastern  regions  than  in 
other  sections  of  the  country  which  is  the 
reverse  of  what  occurred  from  1941  to  1950. * 
In  the  western  regions,  traffic  increased  slowly 
in  1951  but  sharply  reduced  the  eastern  lead 
in  1952  and  1953,  while  in  1954  the  trend 
was  similar  to  that  in  the  eastern  regions  and 
only  slightly  lower.  Travel  in  the  central 
regions  followed  a  trend  below  those  of  either 
the  eastern  or  western  regions,  but  nade  an 


3  Eastern  regions.— New England:  Connecticut,  Maine. 
Massachusetts,  New  Hampshire,  Rhode  Island,  and  Ver- 
mont. Middle  Atlantic:  New  Jersey,  New  York,  and 
Pennsylvania.  South  Atlantic:  Delaware,  Florida,  Georgia, 
Maryland,  North  Carolina,  South  Carolina,  Virginia,  and 
West  Virginia.  Central  regions. — East  North  Central: 
Illinois,  Indiana,  Michigan,  Ohio,  and  Wisconsin.  East 
South  Central:  Alabama,  Kentucky,  Mississippi,  and  Ten- 
nessee. West  North  Central:  Iowa,  Kansas,  Minnesota, 
Missouri,  Nebraska,  North  Dakota,  and  South  Dakota. 
West  South  Central:  Arkansas,  Louisiana,  Oklahoma,  and 
Texas.  Western  regions. — Mountain:  Arizona,  Colorado, 
Idaho,  Montana,  Nevada,  New  Mexico,  Utah,  and  Wyo- 
ming.   Pacific:  California,  Oregon,  and  Washington. 

*  Trends  in  traffic  volumes,  vehicle  types,  and  weights,  by 
Thomas  B.  Dimmick.  Pitruc  Roaps,  vol.  27,  No.  11, 
Dec.  1953,  p.  236. 


Table  2.-Estimate  of  motor-vehicle  travel  in  the  United  States  by  vehicle  types  in  calendar 

year  1954 


Vehicle  type 


Passenger  cars  < 


Buses: 

Commercial 

School  and  nonrev- 

enue 

All  buses.. 


All  passenger  vehicles., 
ami    combina- 


T rucks 
tions. 


All  motor  vehicles. 


Motor-vehicle  travel 


Main  ru- 
ral road 
travel 


Local  ru- 
ral road 
travel 


Million 
vehicle- 
miles 
169, 755 


1,148 

603 

1,751 

171,  506 


45,  553 
217,059 


Total  ru- 
ral travel 


Million 
vehicle- 
miles 
76,  545 


305 

488 
793 

77, 338 

22, 821 
100, 159 


Million 
vehicle- 
miles 
246, 300 


1,453 

1,091 
2,544 

248, 844 


68, 374 
317, 218 


Urban 
travel 


Million 
vehicle- 
miles 
204, 305 


1.743 

121 
1,864 

206. 169 


37, 470 
243, 639 


Total 
travel 


Million 
vehicle- 
miles 
450, 605 


3, 196 

1,212 

4,  108 

455, 013 


105,  844 
560,  857 


Num- 
ber of 
regis- 
tered 
vehi- 
cles ' 


Thou- 
sands 
48,  413 


83 

150 
233 

48,646 


9,726 
58, 372 


Aver- 

travel 

per 
vehicle 


Miles 
9,308 


38,  .506 

8,080 
18,  918 

9,354 

10,883 

'1,1ms 


Motor-fuel  con- 
sumption 


Total  = 


Million 
gallons 
30,915 


639 

116 

755 

31,670 

12,  541 

11.211 


\ 

per 
vehicle 


Gallons 
639 


7,699 

773 
3,  240 

651 

757 


I 

travel 
per  gal- 
lon of 
fuel  con- 
sumed 


^[ile.* 
nnl. 

1 1  58 


8.  It 
12.69 


Registration  figures  differ  slightly  from 


those  in  Bureau  of  PubUc  Roads  table  MV  I  for  1954  because  of  adjustments  for 


^fS^^ 


mated  amounts  used  by  motorcycles. 
3  Includes  taxicabs. 
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Tabic-  3  —Comparison  of  the  estimated  vehicle-miles  of  travel  on  all  roads  and  streets  in 

1940,  1945,  1950,  1953,  and  1954 


Year 


1940 

1945 

1945:  1940  ratio 

1950      - 
I960:  1945  ratio 
1950:  1940  ratio 

1953 

1953:  1950  ratio 
195$:  1945  ratio 
1953:  1940  ratio 

1954 

1954:  1953  ratio 
1954:  1950  ratio 
1954:  1945  ratio 
1954:  1940  ratio 


All 
vehicles, 
vehicle- 
miles 


Millions 
302, 188 
250,  173 

158,246 

1. 8S 

1.52 

544. 433 

1.19 

2.18 
1.80 

.-,(111.  s.-.T 
1.03 
1.22 
2.24 
1.85 


Passenger  ears 


Percent- 
age of  all 
vehicles 


82.  CO 

80.  02 

.97 

79.35 

.99 

.96 

79.  96 

1.01 

1.00 

.97 

80  34 

1.00 

1.01 

1.00 

.97 


Vehicle- 
miles 


Millions 

249, 604 

200,  199 

.80 

163,613 

1.82 

1. !,) ; 

435,351 
1.20 
2.17 
1.74 

450,  605 
1.04 
1.24 
2.25 
1.81 


Buses 


Percent- 
age of  all 
vehicles 


0.88 
1.53 
1.74 


1.01 
.82 


■  64 


.79 
.96 


.90 


Vehicle- 
miles 


Millions 

2,657 

;;.  83-j 
1.44 

4,081 
1.06 
1.54 

4.449 
1.09 


1.08 
1.15 
1.G5 


Trucks  and  combi- 
nations 


Percent- 
age of  all 
vehicles 


16.52 

81.45 

1.12 

19.  76 

1.07 

1.20 

19. 22 

.97 

1.04 

1.16 

18.87 

.98 

.95 

1.02 

1.14 


Vehicle- 
miles 


Millions 

m. '.i27 

46,  142 
.92 

90,  552 
1.96 
1.81 

104,  633 
1.16 
2.27 
2.10 

105,  844 
1.01 
1.17 
2.27 


average  annual  gain  over  the  period  of  about 
6.5  percent. 

The  average  daily  vehicle-miles  of  travel 
on  all  rural  roads  by  months  in  1953,  1954, 
and  the  first  8  months  of  1955  are  shown 
graphically  in  figure  5.  The  graph  shows  that 
travel  in  1954  was  generally  heavier  month 
by  month  in  all  regions  than  it  was  in  the 
previous  year,  except  in  the  western  regions 
during  June.  Likewise  for  the  first  8  months 
of  the  year,  travel  in  1955  exceeded  that  in 
1954  each  month  except  #  the  central  regions 
in  February  and  in  the  western  regions  in 
April. 

The  average  daily  travel  on  all  rural  roads 
in  the  United  States  in  1953  was  845  million 


vehicle-miles.  The  1954  figure  of  869  million 
vehicle-miles  exceeded  1953  by  2.9  percent. 
Daily  travel  in  the  eastern  regions  in  1953 
amounted  to  278  million  vehicle-miles.  In 
1954,  travel  in  these  regions  increased  3.2 
percent  over  the  previous  year  and  amounted 
to  287  million  vehicle-miles.  In  the  central 
regions,  the  average  daily  travel  in  1953  was 
414  million  vehicle-miles.  This  figure  was 
increased  2.2  percent  in  1954  and  amounted  to 
423  million  vehicle-miles.  In  the  western 
regions,  travel  in  1953  amounted  to  153 
million  vehicle-miles  daily,  and  increased  3.9 
percent  in  1954,  or  to  159  million  vehicle- 
miles. 

Figure    6    shows,    in    bar-chart    form,    the 


vehicle-miles  of  travel  by  single-unit  trucks 
and  by  truck  combinations  on  main  roads 
and  local  roads.  The  chart  illustrates  the 
prevalence  of  truck  combinations  on  main 
roads  and,  conversely,  the  relative  infrequence 
of  these  vehicles  on  the  local  roads.  Travel 
by  truck  combinations  constituted  almost 
one-third  of  all  travel  by  freight-carrying 
vehicles  on  the  main  roads,  while  this  means 
of  transportation  composed  less  than  one- 
tenth  of  the  total  on  the  local  roads.  Put  in 
terms  of  averages,  one  mile  of  main  road 
carried  106  tractor-trailer  combinations  per 
day  in  1954,  while  the  equivalent  figure  for 
local  roads  was  less  than  3. 

Average  daily  traffic  by  the  lighter-weight 
single-unit  trucks  is  also  far  less  important  on 
local  than  on  main  roads,  although  the  dif- 
ference is  not  as  great  as  it  is  for  the  combi- 
nations. The  average  mile  of  main  rural  road 
carried  228  single-unit  trucks  daily  in  1954, 
while  only  21  such  vehicles  traveled  the  aver- 
age mile  of  local  road. 

Very  few  data  have  been  collected  concern- 
ing the  loads  carried  on  local  roads,  and  cur- 
rent traffic  information  concerning  this  mile- 
age is  i.ot  as  reliable  as  it  is  for  main  roads. 
Local  road  mileage  far  exceeds  that  of  main 
roads,  yet  estimates  indicate  that  total  truck 
travel  on  main  roads  was  more  than  double 
and  ton-mileage  hauled  was  about  four  times 
the  amount  carried  on  local  roads.  Because 
of  a  scarcity  cf  basic  and  trend  data  and  the 
relative  unimportance  of  the  local  road  mileage 
from  a  freight-carrying  standpoint,  subsequent 
sections  of  this  article  will  be  confined  to  data 
concerning  travel  and  freight  transported  on 
main  rural  roads. 
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Main    Rural-Road   Travel   Continues 
Upward  Trend 

Travel  by  passenger  vehicles,  single-unit 
trucks,  and  tractor-trailer  combinations  on 
main  rural  roads  from  1936  to  1954,  inclusive, 
as  a  percentage  of  such  travel  in  1950  is  shown 
in  figure  7.  Probably  the  most  interesting 
and  important  trend  is  the  increase  in  the 
popularity  of  combination-type  vehicles  be- 
tween 1941  and  1950.  From  1936  to  1941, 
the  use  of  combinations  was  increasing  at 
about  the  same  rate  as  that  of  the  other  types 
of  vehicles.  During  the  war,  however,  the 
greater  operating  efficiency  of  combinations 
was  recognized  and  their  travel  was  curtailed 
only  slightly,  whereas  travel  by  other  types  of 
trucks  was  reduced  greatly.  After  the  war 
ended,  the  use  of  combinations  increased 
rapidly. 

The  1950  surveys  indicated  a  gain  of  almost 
24  percent  over  the  previous  year  for  combi- 
nation vehicles,  whereas  the  use  of  single-unit 
trucks  increased  only  11  percent  in  the  same 
period.  Since  1950  the  trends  in  use  of  com- 
binations and  of  single-unit  trucks  have  been 
very  similar  and  have  not  climbed  as  fast  as 
the  trend  for  passenger-car  use.  For  the  en- 
tire period  from  1936  to  1954,  inclusive,  an- 
nual travel  of  passenger  cars  increased  135 
percent;  single-unit  trucks,  149  percent;  and 
tractor-trailer  combinations,  425  percent. 

Table  4  compares  the  estimated  vehicle- 
miles  of  travel  on  main  rural  roads  in  1940, 
1945,  1950,  1953,  and  1954,  and  gives  the  per- 
centage distribution  of  this  travel  by  main 
vehicle  types.  The  table  shows  that  total 
travel  in  1954  was  98  percent  greater  than  it 

Figure  5  (Right). — Average  daily  travel  on 
all  rural  roads  in  1953,  1954,  and  the  first 
8  months  of  1955. 
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MAIN  ROADS 


LOCAL  ROADS 


Figure  6.— Vehicle-miles   of   travel   by    trucks   and    truck 
combinations  on  main  and  local  rural  roads  in  1954. 


was  in  1940,  that  passenger-car  travel  was  93 
percent  greater,  while  truck  and  truck-com- 
bination travel  increased  116  percent.  Single- 
unit  truck  travel  increased  86  percent  (less 
than  passenger  cars),  while  tractor-trailer 
combination  travel  increased  229  percent. 
Other  ratios  listed  show  greater  increases 
for  combinations  than  for  single-unit  trucks 
in  each  instance  except  in  the  1954 :  1953  com- 
parison. In  the  latter  case  both  ratios  show 
a  slight  decrease — combinations  decreasing 
somewhat  more  than  the  smaller  vehicles. 
This  would  be  expected  in  light  of  the  1954 
decline  in  Gross  National  Product  previously 
mentioned. 

Truck  Travel  Decreased  in  1954 

The  ratios  of  1954  traffic  on  main  rural  roads 
to  corresponding  traffic  in  1953,  by  type  of 
vehicle  and  by  United  States  Census  regions 
and  the  three  main  geographic  regions,  are 
given  in  table  5.  For  the  United  States  as  a 
whole,  while  local  passenger-car  travel  in- 
creased about  4  percent  in  1954  compared 
with  the  previous  year,  travel  by  all  other 
types  of  vehicles  (out-of-State  passenger  cars, 
trucks,  truck  combinations,  and  buses)  de- 
creased. Apparently  the  1951  decline  in 
Gross  National  Product  affected  tourist  pas- 
senger-car travel  as  well  as  truck  and  bus 
travel,  but  had  little  effect  on  local  passenger- 
travel.  The  maximum  gain  in  total 
travel,  3  percent,  was  found  in  the  New 
.'■nil.  South  Atlantic,  and  West  South 
Central    regions.      There    was   an    increase   in 
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all  other  regions  except  the  East  South  Cen- 
tral where  there  was  no  change,  and  the  East 
North  Central  where  there  was  a  decrease  of 
1  percent. 

The  percentage  of  travel  by  vehicle  types 
on  main  rural  roads  in  the  summer  of  1954  is 
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given  in  table  6  for  the  nine  census  regions  and 
the  three  main  geographic  regions.  The  table 
shows  that  the  largest  percentage  of  passenger- 
car  travel  is  in  New  England  with  the  per- 
centages in  the  Pacific  and  East  North  Central 
regions  following  closely.  A  comparison  of 
truck  travel  shows  that  the  East  South  Central 
region  has  the  largest  percentage  of  travel  by 
all  types  of  trucks  and  combinations,  with  the 
West  South  Central  and  Mountain  regions 
following  in  order.  The  lowest  percentage  is 
in  New  England.  Travel  by  all  types  of 
combinations  in  the  East  North  Central 
region  exceeds  all  other  regions  and  is  followed 
in  order  by  the  Middle  Atlantic  and  the  West 
North  Central.  When  the  comparison  is 
restricted  to  travel  by  truck  and  full-trailer 
combinations,  the  Pacific  and  Mountain 
regions  are  the  only  ones  with  an  appreciable 
proportion  of  vehicles  of  this  type. 

When  the  percentage  distribution  of  travel 
by  types  of  motor-vehicles  given  in  table  6  is 
compared  with  a  similar  distribution  previ- 
ously published  for  1950,  it  is  found  that  during 
the  1950-54  period,  the  percentage  of  passenger- 
car  travel  increased  from  76.15  to  78.28 
percent;  that  of  single-unit  trucks  decreased 
from  15.63  to  14.31  percent;  and  combinations 
decreased  from  7.21  to  6.68  percent.  These 
figures  show,  as  was  noted  in  the  discussion 
concerning  table  5,  that  travel  by  trucks  and 
combinations  has  not  expanded  as  fast  as 
passenger-car  travel  since  1950. 

Weight  Stations  Operated 

During  the  summer  of  1954,  a  total  of  516 
loadometer  or  pitscale  stations  were  operated 
in  42  States  for  the  purpose  of  collecting  trend 
data  concerning  vehicle  types,  weights,  and 
loading  practices.  During  this  survey,  395,050 
trucks  and  truck  combinations  passing  the 
stations  were  counted  and  classified  according 
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Table  4.-Comparison  of  estimated  vehicle-miles  of  travel  on  main  rural  roads  in  1940, 

1945,  1950,  1953,  and  1954 


Year 

All 
vehicles, 
vehicle- 
miles 

Passenger  cars  and 
buses 

All  trucks  and  truck    „.     ,        ..  ^_     , 
combinations          Single-unit  trucks 

Truck  combinations 

Percent- 
age of  all 
vehicles 

Vehicle- 
miles 

Percent- 
age of  all 
vehicles 

Vehicle- 
mi  Irs 

Percent- 
age of  all 
trucks 
and 
truck 
combina- 
tions 

Vehicle- 
miles 

Percent- 
age of  all 
trucks 
and 
truck 
combina- 
tions 

Vehicle- 
miles 

1940 

Millions 

109,  815 

85,  792 

.78 

174, 349 
2.03 
1.69 

213,  604 
1.23 
2.49 
1.95 

217,  059 
1.02 
1.24 
2.53 
1.98 

80.8 

78.0 

.97 

77.2 

.99 

.96 

78.4 

1.02 

1.01 

.97 

79.0 

1.01 

1.02 

1.01 

.98 

Millions 

88,  715 

66,  885 

.75 

134,  527 
2.01 
1.52 

167,  445 
1.24 
2.50 
1.89 

171,  506 
1.02 
1.27 
2.56 
1.93 

19.2 

22.0 

1.15 

22.8 

1.04 

1.19 

21.6 

.95 

.98 

1.13 

21.0 

.97 

.92 

.  95 

1.09 

Minimis 
21,  100 
18,  907 
.90 
39,  822 

2.11 

1.90 
46, 159 

1. 16 

2.44 

45,  553 

.98 

1.14 

2.41 
.?.  16 

79.1 

71.9 
.91 

68.4 
.95 
.86 

68.1 
.99 
.95 
.86 

68.2 
1.01 
.99 
.95 
.86 

Millions 
16.  699 
13,  602 

.81 
27,  257 

2.00 

1.63 
31,  435 

1.15 

2.31 

1.88 

31.0154 

.99 

1.  U 

2.28 

1.86 

28.1 

t.Si 

31.6 

i.it 

1.61 
31.9 
1.01 

1.14 
1.58 
31.8 
.99 
1.01 
1.13 
1.62 

Millions 

4,  401 

5,  305 
1.21 

12,  565 
>  $7 

14.724 

1.17 

2.78 

3. 35 

14,  489 

.98 

1.15 

2.  73 

3.29 

1945 

1946:  1940  ratio 

1950.. 

1950:  1945  ratio 

1950:  1940  ratio 

1953.. 

195S:  1950  ratio. 

1953:  1945  ratio.. 

1953:  1940  ratio 

1954 

1954:  1953  ratio 

1954:  1950  ratio 

1954:  1945  ratio 
1954:  1940  ratio 

to  the  number  of  axles  and  tire  equipment. 
Of  that  number,  134,488  vehicles  were  weighed 
and  a  record  was  made  of  the  type  of  each 
vehicle,  the  weight  of  each  of  its  axles,  the 
spacing  in  feet  between  each  pair  of  axles,  and 
whether  the  vehicle  was  loaded  or  empty. 

The  stations  used  in  the  1054  survey  were 
located  at  the  same  points  as  in  former  years, 
most  of  them  being  at  sites  operated  in  the 
original  surveys  in  the  1936-40  period.  From 
comparable  data  collected  a1  these  locations 
trends  in  travel,  loading  practices,  and  carried 
loads  were  obtained,  which,  when  applied  to 
former  estimates  derived  from  comprehensive 
surveys,  gave  current  estimates  of  vehicle- 
miles  traveled  by  loaded  vehicles  and  the 
carried  load.  The  product  of  these  two 
factors  is  the  ton-miles  of  carried  load.  Data 
concerning  the  frequency  of  overloading  and 
of  heavy  axle  and  heavy  gross  weight  occur- 
rence also  are  made  available.      The  remaining 


Table  5. — Ratio  of  1954  traffic  on  main  rural  roads  to  corresponding  traffic  in  1953,  by  regions 


Vehicle  type 


Passenger  cars: 

Local 

Foreign 

All  passenger  cars 

Trucks  and  truck  combinations: 

Single-unit  trucks 

Truck  combinations 

All  trucks  and  combinations 

Buses.. 

Allvehicles. 


Eastern  regions  > 


New 
England 


Middle 
Atlantic 


1.04 
1.02 
1.03 


1.03 
.96 
1.01 

1.04 

1.03 


1.04 

.96 
1.03 


1.02 
1.00 


.95 
1.02 


South 
Atlantic 


1.07 
1.01 
1.05 


.94 
.94 
.94 

.94 

1.03 


Average 


1.06 
1.00 
1.04 


.97 
.97 
.97 

.96 

1.03 


Central  regions  2 


East 
North 
Central 


1.01 
.99 
1.00 


.95 
.92 
.93 


.99 


East 
South 
Central 


1.00 


1.06 
.91 
1.03 

.90 

1.00 


West 
North 
Central 


1.06 
.97 
1.04 


.92 
1.04 


.81 
1.02 


West 
South 
Central 


1.02 
1.09 
1.03 


1.01 
1.14 
1.04 

.83 

1.03 


Average 


1.02 
1.00 
1.01 


.99 
.99 


.85 
1.00 


Western  regions 3 


Moun- 
tain 


1.04 
.96 

1.00 


1.07 
1.04 
1.06 

1.02 

1.02 


Pacific 


1.04 
.99 
1.03 


.99 
.91 
1.02 


Average 


1.04 
.97 
1.02 


1.03 
1.10 
1.02 

.95 

1.02 


United 
States 
average 


1.04 
.99 
1.03 


.99 
.98 
.99 

.91 

1.02 


1  Includes  toll  road  vehicle-mileage  for  Maine,  New  Hampshire,  New  Jersey,  and  Pennsylvania. 

2  Includes  toll  road  vehicle-mileage  for  Oklahoma  (Turner  Turnpike). 

3  Includes  toll  road  vehicle-mileage  for  Colorado  (Denver-Boulder  Turnpike). 

Table  6. — Percentage  distribution  of  travel  by  vehicle  types  on  main  rural  roads  in  the  summer  of  1954,  by  regions 


Vehicle  type 

Easterr 

regions 

Central  regions 

Western  regions 

United 
States 
average 

New 
England 

Middle 

Atlantic 

South 
Atlantic 

Average 

East 
North 
Central 

East 
South 
Central 

West 
North 
Central 

West 
South 
Central 

Average 

Moun- 
tain 

Pacific 

Average 

Passenger  cars: 

Local. 

62.22 

21.58 

So.  Ml 

3.70 

1.47 

5.58 

.50 

11.25 

3.18 
.83 
.01 

4.02 

.01 

.01 

4.03 

15.28 

.92 

100. 00 

64.89 
14.40 
79.29 

3.66 
1.43 
6.80 
.47 
12.  36 

5.20 

2.34 

.03 

7.57 

.04 
.03 

.07 

7.64 

20.00 

.71 

100. 00 

58.64 
20.28 
78.92 

7.15 

.48 

5.72 

14!  12 

2.43 
3.  53 
.02 

5.98 

.04 

.04 

6.02 

20.14 

.94 

100.00 

61.  32 

18.45 
79.77 

5.44 
.95 

6.07 

.63 

13.09 

3.50 
2.72 
.02 

6.24 

.03 
.01 

.04 

6.28 

19.37 

.86 

100. 00 

61.85 
18.80 
80.65 

5.21 
.23 

4.76 

.40 

10.  60 

3.  16 

4.08 
.51 

7.75 

.07 
.32 
.10 
.49 

8.24 

18.84 

.51 

100. 00 

49.73 

21.65 
71.38 

11.42 

.12 

9.65 

.67 

21.86 

3.41 

2.  25 
.04 

5.70 

.01 

.01 

5.71 

27.57 

1.  05 

100. 00 

62.91 
17.01 
79.92 

5.84 

.46 

5.89 

.43 

12.62 

2.22 
3.59 

.84 

.;.  65 

.25 

.03 

0) 

.28 

6.93 

19.  55 

.53 

100. 00 

59.84 
13.  04 
73.48 

11.  46 

.25 

7.04 

.  17 

18.92 

2.95 
3.61 

.22 

6.7S 

.13 
.01 

.  11 

6.92 

25.84 

.68 

100. 00 

59. 62 

17.55 
77.17 

7.94 
.27 

6.37 
.39 

14.  <J7 

2.94 

.43 

6.93 

.12 
.13 

.03 
.28 

7.21 

22.  1 B 

100. 00 

39.45 
35.  81 

75.26 

10.99 
1.02 

5.48 
.68 

IN.  17 

1.22 
1.09 
2.  43 

4.74 

.30 
.72 
.15 
1.17 

5.91 

69.48 
11.27 

80.75 

7.03 
1.10 
3.78 
.73 
12.64 

.67 
.76 
2.71 

4.14 

.21 

.  62 
1.09 

.78 
100.00 

58.19 

20.  50 
78.69 

8.52 
1.07 

4.  42 

.71 

14.72 

.88 

.88 

2.60 

4.36 

.24 

.81 

15 

1.50 

5.86 

20.58 

.73 

100.00 

59.93 
78.28 

7.22 
.  63 

5.93 

.53 

14.31 

2.77 
2.  82 

6.  27 

.11 
.21 
.09 
.41 

6.68 

20.99 

.73 

100.00 

Foreign.. _.          _     _ 

All  passenger  cars  .     .  

Single-unit  trucks: 

Panel  and  pickup .  ._     . 

Other  2-axle,  4-tire 

Other  2-axle,  6-tire  ._ 

3-axle .        

All  single-unit  trucks 

Truck-tractor  and  semitrailer  combinations; 
3-axle..     ...     ...  .. 

4-axle.. 

5-axle  or  more.  ...        .     . 

All  truck-tractor  and  semitrailer  com- 
binations   

Truck  and  trailer  combinations: 

4-axle  or  less.. ..  

5-axle 

All  truck  and  trailer  combinations 

All  combinations 

Buses 

1  Less  than  0.005  percent. 
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Table  7. Average  weight  (in  pounds)  of  loaded  and  empty  trucks  and  truck  combinations,  by  vehicle  types,  in  the  summer  of  1951,  by 

regions 


Vehicle  type 


Eastern  regions 

Central  regions                                              Western  regions 

New         Middle 
England     Atlantic 

South 
Atlantic 

Average 

East 
North 
Central 

East 
South 
Central 

West 
North 

Central 

West 
South 
Central 

Average 

Moun- 
tain 

Pacific 

Average 

United 

States 
average 


Average  Weights  of  Loaded  Vehicles 


Single-unit  trucks: 

Panel  and  pickup 

Other  2-axle,  4-tire    . 

Other  2-axle,  6-tire 

3-axle       

Average     ..      

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average    .-  -  

Average,  all  trucks  and  combinations 


5,415 
6.  121 
15,797 
10,396 
12,884 


40,  593 
40.593 

21,348 


4,918 

6,100 

14,831 

34,  220 

12,  523 


38,  010 
49,620 

24,046 


5,  130 

7,  109 
14,497 

30,  441 
12,  184 


41,415 
54.  200 
41,488 

23,  700 


5,  302 
6,370 
14,80(5 
32,  490 
12,  401 


39,  934 
52,414 
39,  991 

23,  531 


5, 177 
6,  567 

13,  204 
29,  788 
10,  594 


41,245 
68,524 

42,  382 

26,  251 


5,509 
6,763 
15,  277 
28,  790 
11,431 


:;s.  2t ;2 
46,  228 
38,  266 

18,  270 


5,339 
7,  464 
1 4,  332 

27,  870 
10,874 


I-'.  726 
34,  141 
42. 1524 

23,  572 


6,  751 

13,565 

30,  470 
9,  607 


in.  i .-. .1 1 
39,  968 
40, 087 

20, 680 


5,405 
6,  993 
14.010 
29, 129 
10,  583 


40,  926 
53,  451 
41,350 

22.  796 


5.  316 

4,924 

5,083 

7,076 

6,371 

6,622 

14,  721 

14,273 

14,  461 

31,057 

30,  003 

mi,  )2n 

10,091 

10,  228 

10,  173 

50,  845 

54,  445 

53, 077 

64,  336 

62,  226 

62,  764 

52,  872 

56,  315 

55,  096 

24,  344 

27,  600 

26,  354 

5.3(17 

6,  582 

1 4,  337 

30,  702 

11,021 


42,  327 
59,  422 

43,  259 

23,  661 


Average  Weights  op  Emttt  Vehicles 


Single-unit  trucks: 

Panel  and  pickup 

Other  2-axle,  4-tire 

Other  2-axle,  6-tire 

3-axle 

Average 

Ti  tick  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average 

\  \  erage,  all  trucks  and  combinations. 


4,  495 

3,784 

4,  032 

4,013 

3.958 

4,159 

4,350 

I,  1  18 

4.133 

4,  029 

4.156 

4,085 

I  569 

4.  454 

5,  597 

1,760 

4.796 

6,  093 

6,165 

5,435 

."i.,Mi7 

5,269 

4,821 

4,983 

10,112 

s,  6S2 

8,094 

8,591 

7,949 

8.271 

8,206 

8,147 

8,149 

8,410 

8,546 

22,  231 

15,  420 

13,535 

15, 138 

14,416 

12,  465 

14,  302 

14.  173 

13,  758 

17, 163 

16,  089 

16,  691 

7,658 

6,  576 

5,680 

6,182 

5,652 

6,006 

6,280 

5,  470 

5,768 

5,624 

5,530 

5,580 

23. 172 

20,258 

21,052 

20,917 

21,353 

19,  691 

21,  629 

20,  259 

20, 846 

26, 721 

27,  064 

26,  883 

19,650 

23,  642 

27.  450 

24,  782 

27,544 

23,  416 

17,  092 

21,  284 

25,  892 

2s,  :<:n> 

29,  685 

29,  221 

23,170 

20,  316 

21,11116 

20,  958 

21,955 

19,  694 

21,  507 

20.27." 

21,  087 

27.  241 

28,  306 

27,  817 

10, 889 

10,  656 

8,785 

9,650 

11,  365 

8,084 

10,  478 

8,212 

9,391 

8,895 

10,  025 

9,431 

4,091 
4,  976 
s.:;in 
14,912 
5,865 


21,  325 
27,  856 
21,  825 

9,478 


tables  and  charts  in  this  article  have  been 
calculated  by  means  of  these  trends,  or  by 
combining  the  actual  data  gathered  in  the 
summer  survey  with  data  developed  from 
trends. 

The  average  weights  of  loaded  and  empty 
trucks  and  truck  combinations  according  to 
vehicle  types  are  given  in  table  7  for  each  of 
the  census  regions,  the  main  geographic 
regions,  and  for  the  United  States  as  a  whole 
in  the  summer  of  1954.  From  this  table  it 
will  be  seen  that  the  heaviest  average  weight 
of  loaded  single-unit  trucks  was  found  in  New 
England  with  the  Middle  Atlantic  region 
being  slightly  less.  The  heaviest  average 
weight  of  truck  combinations  was  found  in  the 
Pacific  region  with  that  in  the  Mountain 
region  being  slightly  smaller.  The  highest 
average  weight  for  loaded  trucks  and  combina- 
tions  of  till  types  was  in  the  Pacific  region  and 
the  lowest  in  the  East  South  Central  region. 
The  average  empty  weights  followed  a  regional 
pal  tern  similar  to  that  for  the  average  loaded 
weights. 

Pay  Load  Determined 

If  it  is  assumed  that  the  average  empty 
weight  of  loaded  vehicles  of  a  given  type  is 
the  Mime  as  the  average  weight  of  empty 
vehicles  of  that  same  type,  then  subtracting 
average  empty  weight  from  average  loaded 
weight  gives  average  carried  load  for  the 
vehicle  type.  On  this  basis,  the  average 
loads  carried  in  vehicles  of  different  types  and 
the   relation   of   these   loads   to   the   average 

loaded  weights  of  the  vehicles  are  as  shown  in 

table  8.  Tims,  in  general,  the  heavier  the 
vehicle  type  the  larger  the  proportion  of  the 
gross  weight  on  the  average  thai  consists  of 
carried  load  or  pay  load.  The  pay  load  for 
three  or  more  axle  trucks   and    combinations 
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averages  about  one-half  of  the  total  weight  of 
the  loaded  vehicle,  whereas  for  two-axle 
vehicles  it  averages  much  less. 

The  vehicle  weights  of  loaded  and  empty 
single-unit  trucks  and  truck  combinations  on 
main  rural  roads  from  1936  to  1954  are  given 
in  figure  8  as  a  percentage  of  such  weights  in 
1950.  The  weights  of  single-unit  trucks, 
loaded  or  empty,  have  changed  little  in  the 
period  of  years  included,  being  only  about  10 
percent  greater  in  1954  than  in  193G.  Truck- 
combination  weights,  on  the  other  hand,  have 
increased  rather  steadily  throughout  the 
period — the  loaded  weights  being  about  61 
percent  greater  and  the  empty  weights  about 
73  percent  greater  in  1954  than  in  1936. 

Travel  by  Loaded  and  Empty  Trucks 

The  volume  of  travel  on  main  rural  roads  by 
loaded  and  empty  trucks  and  truck  combina- 
tions is  shown  in  figure  9  for  each  year  from 
1936  to  1954,  inclusive.  Probably  the  most 
interesting  feature  of  the  graph  is  the  change 
in  the  relation  between  loaded  and  empty 
single-unit  trucks  which  took  place  during 
the  war  years  and  has  continued  since.     In 


1936  almost  61  percent  of  the  single-unit 
trucks  were  loaded.  With  the  large  expansion 
of  hauling  that  occurred  in  1941  as  the  Nation 
prepared  for  war,  that  figure  increased  to  65 
percent  loaded.  When  war  developed  and 
driving  restrictions  were  invoked,  many  small 
truck  owners  found  it  advantageous  to  drive 
these  vehicles  instead  of  their  automobiles  for 
general  transportation  purposes.  Thus  it 
soon  developed  that  the  lighter-weight  trucks 
were  being  used  more  frequently  for  personal 
transportation  than  had  previously  been  the 
case. 

This  revolutionary  change  in  the  use  of  the 
smaller  vehicles  was  carried  to  such  an  extent 
that  in  1945  it  was  found  that  even  including 
the  heavier  trucks  in  the  general  single-unit 
classification,  these  vehicles  were  being  used 
for  the  transportation  of  goods  on  less  than 
one-half  of  their  travel.  After  the  war  was 
over,  the  popularity  of  the  light-weight  trucks 
as  a  means  of  personal  transportation  appears 
to  have  continued,  and  in  1949  only  about  46 
percent  of  their  travel  involved  carrying  a  load. 
The  corresponding  figure  for  1954  is  49  percent. 
At  no  time  since  the  war  has  travel  by  loaded 


Table  8. — Average  carried  loads  by  trucks  and  truck  combinations  in  the  summer  of  1954, 
in  relation  to  the  average  loaded  weights  of  such  vehicles 


Vehicle  type 

Average 
loaded 

weight 

Average 
empty 
weight 

Average 

carried 

load 

Relation  of 

carried  load 

to  loaded 

weight 

Single-unit  trucks: 

Panel  and  pickup 

Lbs. 

5, 307 
6,582 
14,337 

30,  702 

42,  327 
59,  422 

Lbs. 

4,091 
4,976 
8,340 
14,  912 

21, 325 
27,  856 

Lbs. 

1,216 
1,606 
5,  997 

15,  790 

21,  002 
31,  566 

Pet. 

22.9 
24.4 
41.8 
51.4 

49.6 
53.1 

Other  2-axle,  4-tire 

Other  2-axle,  6-tire 

■  ixle  ..  

Truck  combinations: 

Truck-ti  actor  and  semitrailer 
Truck  and  trailer... 
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Figure  8.— Average  weights  of  loaded  and  empty  trucks  and  truck  combinations  on  main 
rural  roads,  1942—54  and  a  prewar  year,  as  a  percentage  of  such  weights  in  1950. 


single-unit    trucks    equalled    that    by    empty 
vehicles  of  this  type. 

For  truck  combinations,  the  relation  be- 
tween the  loaded  and  empty  vehicle-mileage 
of  travel  has  been  fairly  uniform  throughout 
the  entire  period.  In  1936,  72  percent  of  the 
travel  was  made  by  loaded  vehicles  while  in 
1954  the  figure  was  68  percent.  The  vehicle- 
mileage  of  loaded  single-unit  trucks  in  1954 
was  about  double  that  in  1936,  while  the 
vehicle-mileage  of  loaded  combinations  was 
nearly  five  times  that  in  the  earlier  years. 

Volume  of  Freight  Hauled 

The  average  load  carried  by  trucks  and 
truck  combinations  on  main  rural  roads  from 
1936  to  1954  is  shown  in  figure  10  as  a  per- 
centage of  the  amounts  carried  in  1950.  For 
single-unit  trucks,  the  average  load  increased 
about  23  percent  from  1936  to  1941.  Since 
that  time  loads  have  remained  relatively 
constant,  the  curve  fluctuating  slightly  above 
and  below  the  100-percent  line  on  the  chart. 
On  the  other  hand,  the  average  load  for  truck 
combinations  increased  rather  steadily  from 
1936  to  1950  and  has  changed  but  little  since 
then— the  1954  figure  being  but  2.7  percent 
above  that  for  1950.  For  the  period  1936-54, 
the  increase  in  average  carried  load  was  29 
percent  for  single-unit  trucks  and  58  percent 
for  truck  combinations.  Due  to  the  increasing 
use  of  truck  combinations,  the  average  weight 
of  loads  carried  by  all  trucks  and  truck  com- 
binations had  a  still  greater  increase,  amount- 
ing to  98  percent. 

The  ton-mileage  of  loads  carried  by  trucks 
and  truck  combinations  on  main  rural  roads 
from  1936  to  1954  is  shown  in  figure  11  as  a 
percentage  of  amounts  in  1950.  From  1936 
to  1950,  the  ton-mileage  of  loads  carried 
increased  108  percent  for  single-unit  trucks  and 
565  percent  for  truck  combinations.  For  all 
trucks  and  combinations,  the  increase  was  332 


percent.  From  1950  to  1954,  the  increase  in 
ton-mileage  was  more  gradual,  and  was  slightly 
less  for  truck  combinations  than  for  single-unit 
trucks.  The  increases  over  this  4-year  period 
were  23  percent  for  single-unit  trucks,  17 
percent     for    truck     combinations,     and     19 


16 


percent  for  all  vehicles.  For  the  period 
1936-54,  the  increase  was  L56  percent  for 
single-unit  trucks,  681  percent  for  truck 
combinations,  and  411  percent  for  all  vehicles. 

The  actual  ton-mileage  of  freight  carried 
annually  from  1936  to  1954,  inclusive,  by 
trucks  and  truck  combinations  on  main  rural 
roads  is  shown  in  figure  12.  The  chart  shows 
the  tremendous  growth  in  ton-miles  of  freight 
transported  by  truck  combinations  since  the 
beginning  of  the  planning  surveys.  In  1936 
an  estimated  13.7  billion  ton-miles  were  trans- 
ported by  these  combination-type  vehicles, 
and  slightly  less  than  14.3  billion  ton-miles 
were  transported  by  single-unit  trucks.  J5y 
1940,  the  combination  vehicles  were  haul- 
ing more  than  the  single-unit  trucks  and  by 
1953,  the  ton-mileage  hauled  by  combinations 
was  more  than  three  times  that  by  single-unit 
trucks.  With  the  general  slackening  in 
business  in  1954,  hauling  by  combinations 
dropped  slightly  while  that  by  single-unit 
trucks  continued  to  rise,  with  the  result  that 
the  ton-mileage  hauled  by  combinations  was 
somewhat  less  than  three  times  the  ton- 
mileage  by  single-unit  trucks. 

The  growth  in  ton-mileage  by  single-unit 
trucks  and  truck  combinations  from  1936  to 
1954  is  illustrated  in  another  manner  in  figure 
13  (p.  242).  Ton-mileage  is  the  product  of 
vehicle-mileage  traveled  by  loaded  vehicles  and 
the  average  tonnage  carried  by  each  vehicle; 
this  chart  shows  the  changes  that  have  taken 
place  in  each  of  these  factors.  The  horizontal 
scale  measures  the  vehicle-mileage  for  loaded 
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Figure  10. — Average  loads  carried  by  trucks  and  truck  combinations  on  main  rural  roads,  1936-54,  as  a 

percentage  of  the  amounts  carried  in  1950. 


vehicles  of  each  type,  and  the  vertical  scale 
measures  the  average  carried  load.  Ton- 
mileage,  the  product  of  these  two  factors,  is 
represented  by  the  areas  of  the  rectangles. 
For  single-unit  trucks,  the  increase  in  ton- 
mileage  from  14.3  billion  in  1936  to  36.6 
billion  in  1954  came  about  mainly  through  an 


130 


increase  in  the  vehicle-mileage  of  loaded 
vehicles,  since  there  was  very  little  increase 
in  the  average  carried  load  for  this  class  of 
vehicles,  especially  from  1950  to  1954.  For 
truck  combinations,  the  increase  in  ton- 
mileage  from  13.7  billion  in  1936  to  107.3 
billion  in  1954  came  about  through  a  substan- 


tial increase  in  average  carried  load,  and  a 
much  greater  proportional  increase  in  the 
vehicle-mileage  of  loaded  vehicles. 

It  can  be  seen  from  figure  13  that  almost 
the  entire  development  of  the  movement  of 
freight  over  the  highways  by  the  heavy 
combination-type    vehicle    has    taken    place 
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Figure  11.— Ton-miles  carried  by  trucks  and  truck  combinations  on  main  rural  roads,  1936-54,  as  a 

percentage  of  the  amounts  carried  in  1950. 
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(Figure  12. — Ton-miles  carried  by  trucks  and  truck  combinations  on  main  rural  roads, 
1936-54. 


since  1936.  In  that  year,  over  one-half  of 
the  hauling,  measured  in  ton-mileage,  was 
performed  by  single-unit  trucks;  in  1954 
about  three-fourths  of  it  was  done  by  the 
heavy  combination  vehicles. 

A  comparison  of  the  estimated  percentage 
of  trucks  loaded,  average  carried  load,  and 
ton-miles  of  freight  carried  on  main  rural 
roads  in  1940,  1945,  1950,  1953,  and  1954  is 
given  separately  for  single-unit  trucks  and 
truck  combinations  in  table  9.  The  table 
shows  the  extent  to  which  the  ton-mileage 
gains  were  due  to  increased  loading  per 
vehicle.  The  increases  beyond  this  point 
resulted,  of  course,  from  increased  mileage 
by  loaded  vehicles. 

In  considering  the  1954:1940  ratios  on  the 
bottom  line  of  the  table  for  example,  it  will 
be  noted  that  the  ton-mileage  hauled  by 
combinations  was  4.6  times  as  great  at  the  end 
of  this  14-year  period  as  it  was  at  the  begin- 
ning, while  the  ratio  for  the  average  weight  of 
carried  load  was  1.47  and  the  ratio  for  the 
percentage  of  vehicles  loaded  was  0.95. 
From  table  4,  the  corresponding  ratio  for  the 


vehicle-mileage  traveled  by  all  vehicles  of 
this  type  both  loaded  and  empty  was  3.29, 
which  when  multiplied  by  0.95  gives  a  ratio 
of  3.13  for  loaded  vehicles.     Obviously,  most 


of  the  enormous  increase  in  ton-mileage  was 
due  to  increased  vehicle-mileage  rather  than 
to  heavier  loading,  though  the  latter  factor 
was  of  considerable  importance  in  the  case  of 
the  combination-type  vehicle. 

For  single-unit  trucks,  the  percentage  of 
vehicles  loaded  decreased  more  than  the 
average  load  increased  during  the  period 
1940-54.  In  other  words,  there  was  an 
actual  decrease  in  the  average  load  for  vehicles 
of  this  type  when  both  loaded  and  empty 
vehicles  were  included  in  computing  the 
average.  The  60-percent  increase  in  ton- 
mileage  carried  by  single-unit  trucks  was 
therefore  smaller  than  the  increase  in  vehicle- 
mileage,  which  was  86  percent  as  shown  by 
the  ratio  in  table  4. 

Comparative  information  in  greater  detail 
than  table  9  concerning  the  percentage  of 
vehicle-miles  of  travel,  percentage  loaded,  the 
average  carried  load,  and  percentage  of  total 
ton-miles  hauled  on  main  rural  roads  in  1954 
and  1953  is  given  in  table  10.  Many  interest- 
ing comparisons  may  be  made  from  these 
data.  For  instance,  two-axle,  six-tire,  single- 
unit  trucks,  which  are  the  principal  load- 
carrying  single-unit  vehicles  and  account  for 
about  28  percent  of  the  total  truck  travel, 
carry  only  about  18  percent  of  the  ton-mileage. 
On  the  other  hand,  truck-tractor  and  semi- 
trailer combinations  account  for  slightly  less 
than  30  percent  of  the  total  vehicle-mileage 
(about  the  same  as  the  two-axle,  six-tire 
trucks),  but  carry  about  68  percent  of  the  ton- 
mileage  or  almost  four  times  the  amount 
carried  by  the  smaller  vehicles. 

The  data  concerning  percentage  loaded  and 
average  carried  load  are  also  interesting. 
Panels  and  pickups,  which  carry  loads  of 
three-fourths  of  a  ton  or  less,  travel  loaded 
less  than  40  percent  of  the  time.  Assuming 
that  there  is  a  return  trip  with  no  load  for 
each  trip  with  a  load,  only  80  percent  of  the 
travel  can  be  accounted  for  on  the  basis  of 
the  hauling  of  goods.  Since  vehicles  are 
often  loaded  in  both  directions,  the  use  of 
these  vehicles  as  a  substitute  for  passenger 
cars  must  be  well  in  excess  of  20  percent  of 
their  total  travel. 

The  slightly  larger  two-axle  trucks,  with 
single    tires    and    carrying    loads    averaging 


Table  9. — Comparison  of  estimated  percentage  of  trucks  loaded,  average  carried  load,  and 
ton-miles  carried  on  main  rural  roads  in  1940,  1915,  1950,  1953,  and  1954 


* 

Year 

All  trucks  and  truck 
combinations 

Sill 

gle-unit  trucks 

Truck  combinations 

A  verage 

A verage 

Per- 

weight 

Ton- 

1  '(■!•- 

weight 

Ton- 

Per- 

weight 

Ton- 

centage 

of 

miles 

centage 

of 

miles 

centage 

of 

miles 

loaded 

carried 
load 

carried 

loaded 

carried 
load 

carried 

loaded 

carried 

load 

carried 

Tons 

Millions 

Tons 

Millions 

Tons 

Millions 

1940 

65.9 
55.1 
.  JS 

3.32 
4.84 
1.46 

46. 247 
50,  365 
1.09 

64.4 

49.6 

.77 

2.13 
2.40 
1.13 

22.  899 

10.  187 

.71 

71.6 

69.2 

.97 

7.41 
9.31 

1.26 

23,  348 
34, 178 

I.46 

1945 

1946: 1940  ratio 

1950  

53.9 
.98 

5.64 
1.17 

121,  091 
2.40 

47.2 
.95 

2.31 
.  96 

29,  645 
1.83 

68.5 
.99 

10.  62 
1.14 

91,446 
2.68 

1S60:  191,5  ratio. 

I960:  191,0  ratio... 

.82 

1.70 

2.62 

.73 

1.08 

1.29 

1.43 

3.92 

1953     -   

54.6 
1.01 

5.82 
1.03 

146, 810 
1.21 

48.2 
1.02 

2.  35 
1.02 

35,  602 
1.20 

68.2 
.  flfl 

11.07 
i  04 

1.22 

1953:  1950  ratio .. 

195$:  1946  ratio 

.99 

1.20 

2.91 

.97 

.98 

2.20 

.98 

1.19 

S.25 

1953:  1940  ratio.. 

1.75 

S.17 

.  76 

1.10 

.95 

t.m 

4.76 

1954.    

5.  74 

143,  901 

2.40 

10.91 

107,  342 

1954:  195S  ratio 

1.01 

.99 

.98 

1.02 

l.Oi 

1.00 

.99 

.97 

1954:  1950  ratio 

1.02 

1.02 

1.19 

1.0!, 

1.04 

1.23 

.99 

1.03 

1.17 

1954:  lf>45  ratio 

1.00 

1.19 

2. 8t: 

.  99 

1.00 

2. 26 

.98 

1.17 

3. 14 

1954:  1940  ratio 

■  84 

1.73 

S.ll 

.76 

1.(10 

.95 

1.  ,7 
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LOADED   TRUCK    COMBINATIONS 
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fure  )3. —  Vehicle-miles  of  travel,  average  curried  loud,  and  ton-miles  carrietl  by  trucks  and  truck 
combinations  on  main  rurul  roads  in  1954  compared  with  1936  und  1950. 


around  one  ton,  are  loaded  about  one-half  of 
the  time  indicating  still  some  use  for  personal 
transportation,  while  the  larger  single-unit 
vehicles  operate  with  a  load  almost  60  percent 
of  the  time.  Many  of  the  truck  combinations 
are  common  carriers  which  seldom  are 
operated  empty,  inasmuch  as  they  continually 
arc  picking  up  and  discharging  freight.  They 
are  found  loaded,  therefore,  in  larger  propor- 
tion than  the  large  single-unit  trucks.  Many 
of  the  latter  type  carry  loads  of  a  one-way 
variety,  such  as  hauling  building  materials  to 
a  construction  project. 

Sliift  to  Two-Axle  Semitrailers 

The  percentage  of  vehicle-mileage  traveled 
by  trucks  of  various  types  in  1954  compared 
with  1950  is  shown  in  figure  14.  An  interest- 
ing fact  shown  by  this  chart  is  the  great  shift 
I  hat  took  place  in  this  short  period  of  time 


from  single-axle  semitrailers  to  those  equipped 
with  dual  axles.  In  the  earlier  period,  18.5 
percent  of  the  truck  and  truck  combination 
travel  was  made  by  two-axle  tractors  pulling 
single-axle  semitrailers,  while  travel  by  the 
same  type  of  tractor  with  dual-axle  semi- 
trailers amounted  to  only  9.0  percent. 

The  1954  survey  figures  indicate  that  this 
relation  has  changed  materially,  and  the 
percentage  for  the  dual-axle  semitrailers  now 
exceeds  the  percentage  for  the  single-axle 
semitrailers.  Considerable  expansion  in  the 
use  of  three-axle  tractors  pulling  semitrailers 
equipped  with  dual  axles  likewise  may  be 
noted,  though  the  percentage  for  this  vehicle 
type  is  still  relatively  low  for  the  country  as  a 
whole.  These  vehicles  still  are  found  princi- 
pally in  the  western  regions,  although  more 
are  being  used  elsewhere  especially  in  the 
north  central  regions.  The  shift,  from  one- 
axle  to  two-axle  semitrailers  has  taken  place 


Table  10. — Percentage  of  vehicle-miles  of  I  ravel,  percentage  loaded,  average  carried  load, 
and  percentage  of  total  ton-miles  carried  on  main  rural  roads  in  1954  coinpared  with 
1953 


Vehicle  type 

Percentage  of  ve- 
hicle-miles of 
travel 

Percentage 
loaded 

Average  carried 
load 

Percentage  of 
ton-miles  carried 

1954 

1953 

1954 

1953 

1954 

1953 

1954 

1953 

Single-unit  trucks: 

Panel  and  pickup 

34.  41 
3.00 

28.28 
2.50 

68.19 

29.  85 

1.96 

31.81 

100.  00 

33.49 
2.96 

29.  02 
2.37 

67.  84 

29.  85 

2.31 

32.  16 

100.  00 

39.8 
48.7 
59.7 
58.2 
49.1 

68    1 

60.  1 
07.  9 

55  l 

39.7 
52.3 
58.3 
58.0 
49.0 

68.  6 
65.7 
68.  1 

55.1 

Tons 

0.71 

.89 

3.  36 
8.  ft3 
2.40 

in  6:; 
15.  90 
10.91 

5.74 

Tons 
0.70 
1.03 
3.25 

8.54 
2.34 

10.67 
16.43 
11.07 

5.83 

3.08 

.41 
17.  93 
3.99 
25.41 

68.67 

5.92 

74.59 

100.  00 

2.89 
.50 

17.  IK 

3.66 

24.  23 

68.00 

7.77 
75.77 

100.  00 

Other  2-axle,  4-tire— 
O  ther  2-axle,  6-tire 

3-axle 

All  single-unit  trucks 

Truck  combinations: 

Truck-tractor  and  semitrailer 
Truck  and  trailei 
All  truck  combinations 

All  trucks  and  combinations 

242 


in  order  that  the  maximum  possible  pay  load 
can  be  carried  under  the  weight  restrictions 
in  effect  in  some  States. 

The  percentage  of  ton-miles  hauled  by 
various  truck  types  in  1954  compared  with 
1950  is  shown  in  figure  15.  This  chart  em- 
phasizes, even  more  than  figure  14,  the  shift 
from  three-axle  tractor-semitrailer  combina- 
tions to  four-  and  five-axle  combinations  be- 
tween 1950  and  1954.  In  1954,  the  four-axle 
combinations  accounted  for  a  larger  portion 
of  the  ton-mileage  than  any  other  single  ve- 
hicle type,  whereas  in  1950  the  three-axle 
combinations  predominated. 

Heavy  Gross-Load  Frequencies 

The  frequency  of  gross  loads  of  30,000 
40,000,  and  50,000  pounds  or  more  per  1,000 
trucks  and  truck  combinations  on  main  rural 
roads  in  the  summer  of  1954  is  shown  for  the 
different  census  regions  in  figure  16.  This 
chart  shows  that  the  greatest  frequency  of 
such  heavy  vehicles  is  found  in  the  Pacific 
region.  In  that  area  in  1954,  out  of  each 
1,000  trucks  and  combinations  including  emp- 
ties, 238  weighed  30,000  pounds  or  more,  177 
weighed  40,000  pounds  or  more,  while  149 
weighed  50,000  pounds  or  more.  The  East 
North  Central  region  ranked  second  for  ve- 
hicles weighing  over  30,000  pounds.  Here  it 
was  found  that  for  each  1,000  trucks  and 
combinations,  230  weighed  that  amount  or 
more,  while  145  weighed  40,000  pounds  or 
more,  and  75  weighed  50,000  pounds  or  more. 
The  West  North  Central  region  ranked  third 
for  vehicles  weighing  30,000  pounds  or  more 
but  ranked  second  for  vehicles  weighing 
40,000  pounds  and   50,000  pounds  or  more. 
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Figure  14. — Percentage  of  vehicle-mileage  traveled  by  various  types  of  trucks  and  truck 
combinations  on  main  rural  roads  in  1954  compared  with  1950. 


weighing  30,000  pounds  or  more  and  of  those 
weighing  40,000  pounds  or  more  wore  slightly 
lower  in  1954  than  in  1953,  the  number  of 
vehicles  weighing  50,000  pounds  or  more 
reached  an  alltime  high  in  1954.  Since  the 
beginning  of  the  planning  surveys  in  the 
1936-37  period,  the  frequency  of  loads  of 
30,000  pounds  or  more  increased  almost,  350 
percent,  those  of  40,000  pounds  or  more  in- 
creased over  1,000  percent,  and  those  of  50,000 
pounds  or  more  increased  more  than  2,000 
percent. 

The  1954  gross-weight  frequency  data  by 
vehicle  type  and  region  are  presented  in  table 
11.  Since  no  panels,  pickups,  or  other  two- 
axle,  four-tire,  single-unit  trucks  were  found 
in  the  survey  weighing  as  much  as  30,000 
pounds,  there  is  no  entry  for  these  vehicles  in 
the  table.  They  are  included,  however,  in 
the  total  number  of  vehicles  weighed  in  com- 
puting the  frequencies  for  all  single-unit  trucks 
and  for  all  trucks  and  combinations. 

As  was  noted  in  the  discussion  concerning 
figure  16.  heavy  gross  weights  are  more  fre- 
quent in  the  Pacific  region  than  in  other  parts 
of  the  country.  In  this  region,  238  of  each 
1,000  trucks  and  truck  combinations  weighed 
30,000  pounds  or  more,  while  731  of  each 
1,000  truck  combinations  weighed  that  much. 
Since  about  21  percent  of  these  vehicles  in  the 
Pacific  region  were  empty,  the  number  loaded 
per  thousand  was  790  and  it  is  obvious  that 
most  of  these  weighed  more  than  30,000 
pounds.  In  fact,  a  number  of  empty  vehicles 
of  this  type  weighed  over  30,000  pounds  and 
a  few  over  40,000  pounds. 


Frequencies  of  221,  148,  and  93  were  found  in 
that  area  for  the  30,000-,  40,000-,  and  50,000- 
pound  weight  classes,  respectively.  The  low- 
est frequencies  of  these  heavy  loads  were  found 
in  the  East  South  Central  region  where  145, 
61,  and  18,  respectively,  were  found  for  the 
three  groups. 

Figure  17  shows  the  number  of  heavy  gross 
weights  per  1,000  loaded  and  empty  trucks 
and  truck  combinations  on  main  rural  roads 
in  the  summers  of  1942-54  and  in  a  prewar 
year  (1936-37  period).  This  chart  shows  the 
yearly  variations  in  the  frequencies  of  vehicles 
weighing  30,000,  40,000,  or  50,000  pounds  or 
more.  During  this  period  of  about  18  years 
the  trend  of  the  frequency  of  vehicles  weighing 
50,000  pounds  or  more  was  rather  consistently 
upward,  and  the  frequency  of  those  weighing 
40,000  pounds  or  more  was  generally  upward 
with  temporary  drops  in  1947,  1952,  and  1954. 
The  long-range  trend  in  frequency  of  weights 
of  30,000  pounds  or  more  was  also  upward, 
but  there  was  an  important  decline  from  1945 
to  1947.  This  decline  proved  to  be  quite 
temporary,  however,  and  was  followed  by  a 
rapid  rise  to  1950. 

Since  1950  the  frequency  has  fluctuated 
slightly  up  and  down  without  changing  sig- 
nificantly.    While  the  frequencies  of  vehicles 

Figure  15  (Right). — Percentage  of  ton-mile- 
age hauled  by  various  types  of  trucks  and 
truck  combinations  on  main  rural  roads 
in  1954  compared  with  1950. 
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ing  30,000  pounds  or  more,  was  over  1,000 
percent  greater  in  1954  than  in  the  prewar 
year,  that  the  travel  of  those  weighing  40,000 
pounds  or  more  was  over  3,000  percent  greater, 
and  that  the  travel  of  those  weighing  50,000 
pounds  or  more  was  over  6,000  percent  greater. 
The  rate  of  increase  was  especially  great 
from  1949  to  1950,  and  since  then  has  been 
materially  less.  As  was  seen  in  figure  17,  the 
frequency  of  heavy  gross  loads  per  thousand 
vehicles  has  been  fairly  stable  since  1950,  and 
the  upward  slope  of  the  curves  in  figure  18 
from  1950  to  1953  is  due  principally  to  in- 
creased vehicle-mileage. 

Heavy  Axle-Load  Frequencies 

The  number  of  axle  loads  of  18,000,  20,000, 
and  22,000  pounds  or  more  per  1,000  trucks 
and  truck-combinations  in  the  summer  of 
1954  is  given  in  figure  19  for  the  main  rural 
roads  of  each  census  region.  The  most  notice- 
able feature  of  the  chart  is  the  very  high  fre- 
quency of  heavy  axle  loads  in  all  three  weight 
categories  in  the  New  England  and  Middle 
Atlantic  regions  and,  to  a  lesser  extent,  in  the 
South  Atlantic  region.  The  axle-load  limits 
in  most  States  in  these  areas  are  higher  than 
those  generally  in  effect  elsewhere.  In  the 
New  England  region,  for  instance,  Connecti- 
cut, Massachusetts,  and  Rhode  Island  permit 
axle  loads  up  to  22,400  pounds;   Maine  and 


Figure  16  (Above). — Number  of  gross  loads 
of  30,000,  40,000,  and  50,000  pounds  or 
more,  per  1,000  loaded  and  empty  trucks 
and  truck  combinations,  on  main  rural 
roads  in  the  summer  of  1954,  by  regions. 

Other  areas  such  as  the  Mountain  and 
East  South  Central  regions  had  extremely 
high  frequencies'  of  truck  combinations  weigh- 
ing  .30,000  pounds  or  more,  which  indicates 
that  most  of  such  vehicles  weighed  at  least 
30,000  pounds  when  loaded.  The  table  also 
shows  that  almost  one-half  of  the  truck  com- 
binations found  on  the  roads  of  the  Pacific 
or  Mountain  regions  weighed  50,000  pounds 
or  more.  High  frequencies  for  heavy  vehicles 
of  the  combination  type  are  found  in  the  west- 
ern regions,  while  the  heavier  single-unit 
I  nicks  are  found  most  frequently  in  the  eastern 
regions,  especially  New  England. 

\  ehicle-miles  of  travel  by  trucks  and  truck 
combinations  weighing  30,000,  40,000,  and 
50,000  pounds  or  more  arc  shown  in  figure  18 
for  the  summers  of  1936  and  1942-54,  as  a  per- 
centage of  such  travel  in  1950.  This  chart  is 
based  on  the  actual  recurrence  of  these  heavy 
loads  in  the  traffic  stream,  and  includes 
changes  in  traffic  volume  as  well  as  in  the 
frequencies  of  heavy  loads  per  thousand 
vehicles.  Tt  shows  that  the  vehicle-miles 
traveled  by  trucks  and  combinations,  weigh- 

Figure  17  (Right). — Number  of  gross  loads 
of  30,000,  40,000,  and  50,000  pounds  or 
more,  per  1,000  loaded  and  empty  trucks 
and  truck  combinations,  on  main  rural 
roads  in  the  summers  of  1942-54  at  id  a 
prewar  year. 
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ruble  ll.-Frequency  of  heavy  vehicles  of  30,000,  40,000,  and  50,000  pounds  or  more,  per  1,000  loaded  and  empty  trucks  and  truck 
ombmauons,  ™  mam  rural  roads  in  the  summer  of  1954  by  main  vehicle  types  and  by  regions 
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New  Hampshire  limit  them  to  22,000  pounds; 
while  Vermont  has  no  axle-load  limit.  A  low 
gross-weight  limitation  in  Vermont,  however, 
restricts  axle  loading.  In  the  Middle  At- 
lantic region,  New  Jersey  and  New  York 
permit  axle  weights  up  to  22,400  pounds, 
while  Pennsylvania  limits  them  to  20,000 
pounds.  Axle  loads  heavier  than  18,000 
pounds  are  also  permitted  in  most  States  of 
the  South  Atlantic  region,  although  Virginia, 
Georgia,  and  West  Virginia  have  the  18,000- 
pound  limit.  In  Ohio,  axle  loads  up  to  19,000 
pounds  are  legal;  all  other  States  limit  them 
to  18,000  pounds. 

Since  higher  limits  generally  are  allowed  in 
the  three  regions  mentioned,  only  a  small 
portion  of  the  heavy  axle  loads  shown  in  these 
three  areas  are  in  excess  of  State  laws,  whereas 
in  the  other  regions  practically  all  axle  weights 
over  18,000  pounds  are  in  violation  of  the 
laws.  When  a  comparison  is  made  on  the 
basis  of  conformity  to  State  law,  as  will  be 
discussed  later,  it  will  be  seen  that  the  rate 
of  violation  in  all  three  of  the  eastern  regions 
actually  is  very  low.  The  low  frequency  of 
heavy  axle  loads  in  the  Pacific  region,  which 
was  shown  in  figure  16  to  have  the  highest 
frequency  of  heavy  gross  loads,  is  noteworthy. 
Here  again,  the  answer  can  be  found  in  the 
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State  laws  which  encourage  the  distribution 
of  the  load  to  more  axles. 

The  frequency  of  axle  loads  weighing  18,000, 
20,000,  and  22,000  pounds  or  more  per  1,000 
trucks  and  truck  combinations  on  main  rural 
roads  in  the  summers  of  1942-54  and  in  a 
prewar  year  is  shown  in  figure  20.  A  most 
important  fact  indicated  by  the  chart  is  the 
reversal  in  trend  that  began  in  1951  and  has 
continued  each  year.  The  frequency  of  axles 
weighing  18,000  pounds  or  more  in  1950  was 
over  seven  times  that  in  the  prewar  year,  but 
from  the  1950  high  there  was  a  consistent 
drop  each  year  which  amounted  to  35  percent 
by  1954.  Likewise,  the  frequency  of  20,000- 
pound  axles  in  1950  was  almost  eight  times 
that  in  the  prewar  year,  but  by  1954  the  fre- 
quency of  loads  in  this  category  was  less  than 
one-half  of  that  in  1950.  The  number  of 
axle  loads  of  22,000  pounds  or  more  increased 
ninefold  from  the  prewar  year  to  1950,  but 
dropped  more  than  60  percent  below  that 
peak  by  1954. 

Load  Distribution  Improves 

The  rapid  decrease  in  the  frequency  of 
heavy  axle  loads  in  the  face  of  a  stationary 
or  slightly  increasing  number  of  heavy  gross 


weights,  as  shown  in  figure  17,  may  at  first 
appear  illogical.  However,  the  reason  for  the 
differences  in  the  two  charts  was  clearly 
brought  out  in  the  preceding  discussion  of 
figures  14-15.  Many  truckers  are  replacing 
their  single-axle  semitrailers  with  tandem-ax le 
types,  and  the  loads  are  therefore  distributed 
over  a  larger  number  of  axles.  The  net  re- 
sult of  this  equipment  change  is  that  many 
heavy  loads,  which  formerly  caused  one  or 
more  axles  of  a  vehicle  to  be  overweight,  arc 
now  transported  in  vehicles  that  are  so  de- 
signed that  the  loads  are  better  distributed 
and  no  weight  restriction  is  exceeded.  Such 
changes,  notwithstanding  liberalization  of  the 
legal  weight  restrictions  in  some  States,  appear 
to  be  the  main  reason  for  the  gratifying  im- 
provement in  weight  distribution  that  has 
occurred  since  1950. 

The  number  of  axles  weighing  18,000, 
20,000,  and  22,000  pounds  or  more  for  each 
1,000  loaded  and  empty  trucks  and  truck 
combinations  on  main  rural  roads  in  the 
summer  of  1954  are  given  in  table  12  (p.  248 
for  the  main  vehicle  types,  by  census  regions, 
and  by  the  main  geographic  regions.  Since 
no  two-axle,  single-unit  trucks  with  single 
were  found  with  axles  weighing  as  much 
as  18,000  pounds,  that  type  is  not  mentioned 
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Figure  18. — Travel  of  trucks  and  truck  combinations  weighing  30,000,  10,000,  and  50,000  pounds  or  more  on   main   rural  roads  in    the 

summers  of  1942—54  and  a  prewar  year,  as  a  percentage  of  such  travel  in  1950. 
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in  the  table.  The  number  of  such  vehicles 
counted  is  included,  however,  in  obtaining 
the  total  frequency  of  all  single-unit  trucks 
and  of  all  trucks  and  combinations. 

The  comparisons  with  1953  and  1950  at  the 
bottom  of  each  section  of  the  table  show  the 
trend  of  the  frequency  for  each  weight  cate- 
gory. For  instance,  the  number  of  axle  loads 
weighing  18,000  pounds  or  more  in  1954 
compared  with  the  previous  year  was  down- 
ward in  the  New  England,  South  Atlantic, 
East  North  Central,  West  South  Centra),  and 
Pacific  regions.  In  the  remaining  regions, 
the  1954  frequencies  are  above  those  for  1953, 
but  with  the  exception  of  the  New  England 
region,  are  well  below  those  of  1950.  A 
comparison  of  the  data  in  the  other  weight 
categories  shows  similar  trends.  For  the 
United  States  as  a  whole,  the  trend  is  con- 
sistently downward  for  all  axle  weight  levels. 
It  is  obvious  that,  for  all  regions  and  the 
three  weight  categories,  it  is  the  combination- 
type  vehicles  rather  than  the  single-unit 
trucks  that  produce  the  greatest  frequency  of 
heavy  axle  loads. 

In  order  to  give  a  clearer  picture  of  what  is 
happening  on  the  roads,  figure  21  presents 
travel  of  vehicles  with  axles  weighing  18,000, 
20,000,  and  22,000  pounds  or  more,  in  the 
summers  of  1942-54  and  a  prewar  year,  as  a 


Figure  20  (Right). — Number  of  axles  neigh- 
ing 18,000,  20,000,  and  22,000  pounds  or 
more,  per  1,000  trucks  and  truck  combi- 
nations, on  main  rural  roads  in  the  sum- 
mers of  1912-54  and  a  preuar  year. 
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Figure  21.— Travel  of  vehicles  with  axles  weighing  18,000,  20,000,  and  22,000  pounds  or  more  in  the  summers  of  1942-54  and  a  preuar  year, 

as  a  percentage  of  such  travel  in  1950. 
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Table  12. — Frequency  of  heavy  axles  of  18,000,  20,000,  and  22,000  pounds  or  more,  per  1,000  loaded  and  empty  trucks  and  truck 
combinations,  on  main  rural  roads  in  the  summer  of  1954  by  main  vehicle  types  and  by  regions 
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Number  per  1,000  Weighing  18,000  Pounds  or  More 
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Truck  combinations: 
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1  Data  omitted  because  of  insufficient  sample. 

2  Less  than  5  per  10,000. 


percentage  of  such  travel  in  1950.  These 
curves  show  that  when  vehicle-mileage  trends 
are  considered,  there  is  a  steady  upward 
trend  in  heavy  axle-load  frequencies  in  all 
years  from  1936  to  1950  with  the  exception 
of  1949.  Since  1950,  however,  the  general 
trend  in  heavy  axle-weight  frequencies  has 
been  downward,  notwithstanding  the  general 
upward  trend  in  travel  and  in  heavy  gross-load 
frequencies  that  prevailed  during  the  period. 
Thus  by  a  shift  to  vehicles  with  a  larger 
number  of  a,xles,  the  truckers  are  hauling 
more  and  bigger  loads  over  the  highways  and 
still  subjecting  them  to  less  frequent  appli- 
cations of  heavy  and  destructive  axle  loads. 

Loads  Exceeding  Legal  Limits 

Figure  22  shows  the  number  of  trucks  and 
truck  combinations  for  each  1,000  loaded  and 
empty  vehicles  that  exceeded  the  permissible 
axle,  axle  group,  or  gross-weight  legal  limits  in 
effect  in  the  State  of  observation  during  the 
summer  of  1954.  As  might  be  expected,  many 
vehicles  exceeded  more  than  one  of  the  State 
limits  and  some  of  the  larger  vehicles  or 
combinations  had  more  than  one  axle  loaded 
in  excess  of  the  limit.    The  data  on  which  this 
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chart  is  based  were  obtained  by  counting  each 
vehicle  only  once,  regardless  of  the  number  of 
ways  in  which  it  was  overloaded.  The  chart 
gives  an  indication  of  the  degree  of  compliance 
with  State  laws  in  each  of  the  census  regions. 

In  the  New  England  region,  for  example, 
where  there  was  a  high  frequency  of  heavy 
axle  loads  as  shown  by  figure  19,  vehicles  were 
mostly  within  the  legal  limits  of  from  20,000 
to  22,400  pounds.  Only  4.1  percent  of  those 
sampled  in  1954  violated  the  weight  laws  to 
any  extent,  and  only  0.7  percent  exceeded  the 
limits  by  20  percent  or  more.  In  the  Pacific 
region,  the  legal  axle-load  limit  conforms  to 
the  18,000-pound  recommendation  of  the 
American  Association  of  State  Highway  Offi- 
cials, and  axle-group  and  gross-load  limits  are 
somewhat  higher  than  those  recommended  by 
the  Association.  Here  7.8  percent  of  the  ve- 
hicles exceeded  one  or  more  of  the  State  weight 
restrictions  to  some  extent,  while  only  0.2  per- 
cent exceeded  those  limits  by  20  percent  or 
more.  In  the  Mountain  region  where  maxi- 
mum restrictions  similar  to  those  found  in  the 
Pacific  region  were  in  effect,  6.2  percent  of  the 
vehicles  were  overloaded  to  some  extent  and 
0.7  percent  by  20  percent  or  more. 

Tolerances    have    been    adopted    in    many 


States  which  are  not  taken  into  consideration 
in  these  figures.  If  a  tolerance  of  5  percent 
were  universally  allowed,  almost  one-half  of 
the  violators  would  be  excused  and  the  average 
rate  of  punishable  violation  in  the  United 
States  would  drop  from  about  5  percent  to  a 
little  over  2.5  percent. 

The  number  of  trucks  and  truck  combina- 
tions in  each  1,000  loaded  and  empty  vehicles 
that  exceeded  any  of  the  axle,  axle-group,  or 
gross-weight  legal  limits  in  effect  in  the  United 
States  is  shown  in  figure  23  for  the  years  1947- 
54.  This  chart  is  interesting  in  that,  while  it 
shows  little  if  any  trend  in  the  frequency  of 
overloads  of  5  percent  or  less,  there  appears  to 
be  a  real  trend  downward  in  the  higher  per- 
centages of  overload  especially  since  1950. 
Overloads  of  50  percent  or  more  were  not 
found  in  appreciable  numbers  in  1952  and 
subsequent  years,  and  the  downward  trend  of 
overloads  of  20  to  30  percent  and  of  30  to  50 
percent  after  1950  is  very  noticeable. 

Recommended  Weight  Limits 

Uniform  regulations  concerning  maximum 
allowable  gross  weights,  axle  weights,  and 
axle-group  weights  have  been  adopted  as  a 
policy  by  the  American  Association  of  State 
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Figure  22. — Number  of  trucks  and  truck  combimitions,  per  1,000  loaded  and  empty  vehicles,  that   exceeded 
the  permissible  axle,  axle-group,  or  gross-weight  legal  limits  in  effect  in  1954,  by  regions. 


Highway  Officials  and  recommended  to  the 
State  governments  for  adoption.5  This  policy 
recommends  that  no  axle  shall  carry  a  load  in 
excess  of  18,000  pounds,  and  no  group  of  axles 
shall  carry  a  load  in  excess  of  amounts  specified 
in  a  table  of  permissible  weights  based  on  the 
distance  between  the  extremes  of  any  group  of 
axles.  In  preparing  data  concerning  the 
number  of  vehicles  exceeding  the  recom- 
mendations, each  vehicle  was  counted  only 
once  regardless  of  the  number  of  ways  it 
might  exceed  these  standards. 

The  number  of  vehicles  in  each  1,000  trucks 
and  truck  combinations  that,  in  the  summer 
of  1954,  exceeded  any  of  the  weight  limits 
recommended  by  the  AASHO  is  shown  by 
regions  in  figure  24.  Since  the  data  depicted 
in  this  chart  are  related  to  a  common  base, 
meaningful  comparisons  concerning  regional 
heavy  loading  practices  are  apparent.  This 
could  not  be  readily  determined  from  figure 
22,  which  was  based  on  different  laws  as 
discussed. 

In  the  West  North  Central  region  where  the 
State  restrictions  conform  closely  to  the 
AASHO  recommendations,  both  charts  show 
that  62  vehicles  out  of  each  1,000  were 
overloaded.  That  number  is  24  percent 
above  the  national  average  when  compared 
with  State  legal  limits  (fig.  22),  but  16  percent 
below  the  national  average  with  respect  to 
the  AASHO  recommendations  as  shown  in 
figure  24.  In  the  Pacific  region  where  State 
axle-group  and  gross-weight  limits  are  some- 
what more  liberal  than  those  recommended 
by  the  AASHO,  78  vehicles  from  each  1,000 
sampled  exceeded  the  State  limits  while  142 
vehicles  exceeded  the  AASHO  recommenda- 
tions. On  the  other  hand,  in  the  East  South 
Central  region,  where  State  laws  tend  to  be 
somewhat  more  restrictive  than  the  recom- 
mendations, 45  vehicles  in  each  1,000  exceeded 


•  Policy  concerning  maximum  dimensions,  vieights,  and 
speeds  of  motor  vehicles  to  be  operated  over  the  highways  of  the 
United  States,  adopted  April  1, 1946,  by  the  American  Associ- 
ation of  State  Highway  Officials;  published  by  the  Associ- 
ation in  1946. 
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the  State  limits  while  only  42  such  vehicles 
exceeded  the  recommendations. 

Figure  24  also  shows  that  the  Pacific  region 
leads  all  other  areas  in  the  frequency  of  heavy 
loads  per  thousand  in  excess  of  the  AASHO 
recommendations,  and  is  followed  in  descend- 
ing order  by  New  England  (108)  and  the  East 
North  Central  region  (93).  However,  most 
of  the  overloads  in  the  Pacific  region  were 
only  a  small  percentage  over  the  AASHO 
recommended  limits.  Here  there  were  no 
loads  as  much  as  50  percent  over  these  limits 
and  only  8  per  thousand  as  much  as  20  percent 
over.  In  the  New  England  region,  on  the 
other  hand,  50  vehicles  per  thousand  were 
20  percent  or  more  over  the  AASHO  recom- 


mended limits  and  6  per  thousand  were  over 
50  percent  or  more. 

The  number  of  vehicles  in  each  1,000 
trucks  and  truck  combinations  that  exceeded 
any  of  the  weight  limits  recommended  by 
the  AASHO  is  shown  in  figure  25  for  the 
years  1947-54.  The  number  of  loads  in 
excess  of  the  recommendations  to  any  degree 
vary  from  28  percent  in  1947  to  48  percent  in 
1954  above  the  similar  frequencies  for  weights 
in  excess  of  State  laws  shown  in  figure  23. 
Such  a  difference  is  to  be  expected  for  almost 
every  year  one  or  more  States  liberalize  their 
motor-vehicle  laws,  thereby  allowing  more 
heavily  loaded  vehicles  to  pass  legally  over 
the  roads.     In   New  England,  for  instance, 
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Figure  23. — Number  of  trucks  and  truck  combinations,  per  1,000  loaded  and  empty 
vehicles,  that  exceeded  any  of  the  permissible  axle,  axle-group,  or  gross-weight 
legal  limits  in  effect  in  the  summers  of  1917-54. 
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Figure  24. — Number  of  trucks  and  truck  combinations,  per  1,000  loaded  and  empty  vehicles,  that  exceeded 
any  of  the  weight  limits  recommended  by  the  AASHO,  summer  of  1954. 


the  States  have  approved  higher  load  limits 
of  several  types,  such  as  maximum  axle  loads 
of  22,400  pounds.  Such  an  axle  load  is 
almost  25  percent  heavier  than  the  maximum 
recommended  by  the  AASHO  and  would 
account  for  a  considerable  portion  of  the 
difference  between  the  number  of  such  vehicles 
exceeding  State  laws  and  those  exceeding 
AASHO  recommendations.  Little  overall 
trend  in  vehicles  overloaded  can  be  detected 
from  the  chart  although  some  reduction  in 
the  number  of  those  overloaded  to  a  high 
degree  can  be  noted,  as  for  instance  the 
frequency  of  overloads  of  30  to  50  percent 
and  of  50  percent  or  more. 

The  number  of  trucks  and  truck  combina- 
tions in  each  1,000  loaded  and  empty  vehicles 
in  the  summer  of  1954  that  exceeded  the  axle, 
axle-group,  or  gross-weight  limits  in  effect 
in  the  States  or  recommended  by  the  AASHO 
are  given  in  table  13.  These  latest  frequencies 
when  compared  with  similar  figures  for  1950 
and  1953  are  found  to  be  well  below  them 
in  practically  every  instance.  However,  the 
1948,  1951,  and  1952  frequencies  are  slightly 
below  those  for  1954. 

The  table  is  particularly  interesting  in  that 
it  shows  that  the  major  portion  of  overloads  is 
confined  to  combination-type  vehicles.  Only 
one  percent  of  the  single-unit  trucks  exceeded 
any  State  weight  limitation,  while  almost  14 
percent  of  the  combinations  were  overloaded 
to  some  extent.  Of  the  combinations  that 
involved  a  full  trailer  (in  some  instances  the 
combination  included  a  tractor,  semitrailer, 
and  a  full  trailer),  more  than  25  percent  ex- 
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Figure  25. — Number  of  trucks  and  truck  combinations,  per  1,000  loaded  and 
empty  vehicles,  that  exceeded  any  of  the  weight  limits  recommended  by  the 
AASHO,  summers  of  1947-54. 

ceeded  one  of  the  axle,  axle-group,  or  gross-  the  maximum  weight  recommendations  of  the 
load  legal  limits  in  effect  in  the  States,  and  American  Association  of  State  Highway 
almost  44  percent  exceeded   to   some  extent       Officials. 
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Table  13. — Number  of  trucks  and  truck  combinations    ner  1  nno  Uj.j  „     i  ... 


Region  and  type  of  vehicle 


New  England: 

2-axle,  6-tire 

3-axle 

Average, single-unit  trucks. . . 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations. . . 
Average,  all  trucks  and  combinations 
Middle  Atlantic: 

2-axle,  6-tire 

3-axle.. 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations. . . 
Average,  all  trucks  andcombinations 
South  Atlantic: 

2-axle,  6-tire 

3-axle ~"~ 

Average,  single-unit  trucks . . . 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
East  North  Central: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks. . . 
Truck-tractor  and  semitrailer... 

Truck  and  trailer 

Average,  truck  combinations... 
Average,  all  trucks  and  combinations 
East  South  Central: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks.. _ 

Truck-tractor  and  semitrailer 

Truck  and  trailer.. . 

Average,  truck  combinations... 
Average,  all  trucks  and  combinations 
West  North  Central: 

2-axle,  6-tire 

3-axle _ 

Average,  single-unit  trucks. _. 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations..  _ 
Average,  all  trucks  and  combinations 
West  South  Central: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations.-.. _ 
Average,  all  trucks  and  combinations . 
Mountain : 

2-axle,  6-tire 

3-axle __. 

Average,  single-unit  trucks... 

Truck-tractor  and  semitrailer. 

Truck  and  trailer 

Average,  truck  combinations. __ 
Average,  all  trucks  and  combinations . 
Pacific: 

2-axle,  6-tire 

3-axle 

Average,  single-tmit  trucks. _.  _ 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations _. 

Average,  all  trucks  and  combinations. . 
United  States  A  verage 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations. . 


Vehicles  exceeding  State  legal  limits 


Number 
per  1,000 
over- 
loaded 


10 
153 

12 
123 

"l23 
41 

21 
25 
13 

74 
77 
74 
36 

18 

60 

11 

159 

"158" 

55 

7 
21 

4 
86 
96 
86 
40 

34 
32 
16 

158 


Number  per  1,000  overloaded  more  than- 


5  per- 
cent 


158 
45 


42 

6 
167 
136 
166 

62 

16 

54 

6 

139 

35 
137 

41 

27 
94 
12 
207 
256 
217 
62 

34 
134 

18 
132 
393 
208 

78 

19 
65 
10 
128 
256 
136 
50 


10  per- 
cent 


91 

27 

4 
21 

3 

95 
66 
93 
35 

11 
45 
4 
80 
35 
80 
24 

14 
63 
7 
136 
158 
140 
39 

25 
47 
10 
47 
129 
71 
29 

12 
34 


109 
71 
27 


20  per- 
cent 


(') 


35 
3 
88 
103 
91 
25 

12 
20 
5 
18 
38 
24 
11 

5 
18 

3 
36 
42 
36 
13 


30  per- 
cent 


:<i\  per- 
cent 


(') 


(') 


Vehicles  exceeding  AASHO  recommendations 


Number 
per  1,000 
over- 
loaded 


(') 


0) 


(') 


0) 


Co 

o 


211 

39 

302 

"302' 

108 

52 
26 
30 

144 
85 

144 
73 

28 
75 
15 
199 

L9S 

70 


51 

6 

200 

291 

205 

93 

33 

32 

16 

142 


Number  per  1,000  overloaded  more  than— 


5  per- 
cent 


34 
268 


(1) 
(') 


(i) 


(') 


(0 


") 


(i) 


141 
42 

9 
15 
5 
169 
129 
167 
62 

16 

54 

6 

141 

70 
139 

42 

27 

89 

12 

235 

333 

255 

71 

34 
148 

19 
302 
670 


14 
188 
437 
204 

74 


268 


45 
23 
26 

107 
81 

106 
57 

18 

47 

10 

147 

"i46 

51 

6 
23 

3 
93 

125 
95 
43 

22 
14 
10 


10  per- 
cent 


79 
24 

4 
5 
2 
93 
64 
92 
34 

10 

45 

4 

90 

70 
89 

27 

14 
69 

172 
260 

189 
52 

26 
76 
12 
235 
508 
314 
108 

19 
47 
10 
121 
310 
133 
49 


44 
186 

30 
223 

223 
81 

31 

23 
18 

72 
81 
72 
39 

11 

36 

6 

105 

104 
36 


20  per- 
cent 


2 
43 

7H 
43 
13 

6 

37 
3 
111 
174 
124 

33 

12 
20 
5 
146 
315 
195 
65 

12 

27 
6 
75 
191 
82 
30 


32 
104 

20 
134 

"i.34" 
50 

15 
20 
9 
33 
77 
33 
is 


30  per- 
cent 


(') 


P) 


(') 


50  per- 
cent 


('i 


(') 


(') 


(') 


(') 


(') 


(') 


>  Less  than  5  per  10,000. 
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General  Location  of  the  National  System  of 
Interstate  Highways,  Including  All  Additional 
Routes  at  Urban  Areas  Designated  in  September 
1955  is  the  title  of  a  new  publication  issued  by 
the  Bureau  of  Public  Roads.  The  pamphlet 
contains  a  small-scale  map  of  the  United 
States  showing  the  general  location  of  the 
National  System  of  Interstate  Highways  and 
individual  maps  showing  the  locations  of 
routes  of  the  system  into,  through,  and  around 
102  urban  areas.  The  urban  maps  show  only 
the  city  outlines  and  the  general  locations  of 
the  Interstate  system;  detailed  final  locations 
will  be  determined  as  projects  are  advanced 
by  the  States  for  construction.  The  pamphlet 
contains  no  text  other  than  the  certificate  of 
approval. 

The  publication  is  not  distributed  free  by 
the  Bureau.  Copies  may  be  purchased,  at 
55  cents  a  copy,  from  the  Superintendent  of 
Documents,  U.  S.  Government  Printing 
Office,  Washington  25.  D.  C. 


New  Publications 

The  National  System  of  Interstate  High- 
ways, authorized  by  the  Congress  in  1944 
with  a  limitation  of  40,000  miles,  is  made  up 
of  the  main  highways  of  the  Nation,  connect- 
ing the  principal  metropolitan  areas,  cities, 
and  industrial  centers,  and  serving  the  national 
defense.  It  is  a  part  of  the  larger  Federal-aid 
primary  system.  The  main  network  of  the 
Interstate  system,  totaling  37,700  miles,  was 
selected  by  joint  action  of  the  State  highway 
departments  and  approved  by  the  Bureau  of 
Public  Roads  on  August  2,  1947.  The  addi- 
tional urban  routes,  totaling  2,300  miles,  were 
recommended  by  the  States  and  approved  by 
the  Bureau  on  September  15,  1955. 

The  urban  maps  in  the  pamphlet  show 
without  differentiation  the  general  locations 
of  both  the  newly  added  routes  and  the  routes 
through  the  urban  areas  previously  approved. 
Maps  are  not  included  for  urban  areas  where 
new  routes  were  not  added.  Many  such 
urban  areas  are  served  by  previously  approved 


interstate  routes  passing  through  or  around 
them,  as  indicated  by  the  U.  S.  map  of  the 
system  included  in  the  pamphlet. 

Opportunities  in  the  Bureau  of  Public  Roads 
for  Young  Engineers  was  recently  published  by 
the  Bureau,  in  its  third  edition.  This  illus- 
trated, 16-page  pamphlet  is  intended  to  pro- 
vide information  for  college  students  interested 
in  careers  in  highway  or  highway  bridge 
engineering  in  the  Bureau  of  Public  Roads. 
The  publication  briefly  describes  the  organiza- 
tion, operations,  and  history  of  the  Bureau, 
and  explains  in  detail  the  3-year,  on-the-job 
training  program  offered  by  the  Bureau  to 
selected  civil  engineering  school  graduates. 

The  Bureau's  free  distribution  of  the  pam- 
phlet is  restricted  to  use  in  recruitment  for  its 
training  program.  Others  who  are  interested 
in  the  publication  may  purchase  it  from  the 
Superintendent  of  Documents,  U.  S.  Govern- 
ment Printing  Office,  Washington  25,  D.  C, 
at  25  cents  a  copy. 
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PUBLIC  ROADS:  World  Traveler 


Public  Roads  magazine  is  not  only  one  of 
the  oldest  continuously  published  periodicals 
of  the  United  States  Government;  it  is  also 
probably  one  of  the  most  widely  traveled.  A 
recent  review  of  mailing  lists  shows  that  each 
bimonthly  edition  of  more  than  5,000  copies 
carries  the  message  of  the  Bureau  of  Public 
Roads  research  work  throughout  the  United 
States  and  to  80  countries  around  the  world. 

The  Bureau  of  Public  Roads  distributes  817 
copies  of  Public  Roads  magazine  to  its  own 
personnel,  and  1,464  copies  are  sent  to  the 
State  highway  departments  in  furtherance  of 
the  cooperative  Federal-State  highway  pro- 
gram. In  addition,  446  copies  go  to  other 
Federal  and  State  agencies  and  to  county  and 
local  rural  and  urban  government  highway 
departments,  161  copies  are  sent  to  university 
libraries  and  instructors  in  highway  engineer- 
ing, and  138  to  engineering  and  trade  associa- 
tions and  publications.  The  Bureau's  free 
distribution  overseas  reaches  50  foreign 
countries  with  286  copies,  mostly  to  national 
government  highway  agencies. 

In  addition  to  the  Bureau's  distribution, 
the  Government  Printing  Office,  in  its  program 
of  supplying  representative  libraries  with 
Government  publications,  distributes  Public 
Roads  to  373  depository  libraries  across  the 
Nation.  The  United  States  Information 
Agency  uses  87  copies  in  its  information 
centers  in  41  foreign  countries. 

Free  distribution  of  the  magazine  by  the 
Bureau  of  Public  Roads  is  limited  to  public 
officials  actually  engaged  in  planning  or  con- 
structing highways  and  to  instructors  of  high- 
way engineering.  There  are  at  present  no 
vacancies  on  the  free  list,  which  is  limited  to  a 
specific  maximum  by  regulation.  Public 
Roads  is  sold  by  the  Superintendent  of 
Documents,     U.     S.     Government     Printing 


Office,  Washington  25,  D.  C.,  at  $1.00  per 
year  (25  cents  additional  for  foreign  mailing). 
Orders  for  subscriptions  are  not  received  by 
the  Bureau  of  Public  Roads. 

That  Public  Roads  magazine  is  considered 
worthwhile  reading  is  indicated  by  the  paid 
subscription  list,  numbering  1,018  in  the 
United  States  and  523  in  60  foreign  countries. 
In  somewhat  less  than  2  years  (December  1953 
to  October  1955),  subscriptions  in  the  United 
States  have  increased  29  percent  and  foreign 
paid  subscriptions  have  practically  doubled 
in  number. 

Geographically,  the  total  (free  and  paid) 
Public  Roads  distribution  is  remarkably 
widespread.  It  goes  to  every  State,  ranging 
in  number  from  15  copies  for  Vermont  and  1!) 
for  Delaware  to  315  for  New  York  and  428 
for  California.  Twenty-three  States  receive 
up  to  50  copies  each;  13  States  are  in  the  51  to 
100  copy  range;  over  100  copies  go  to  each  of 
12  States  and  the  District  of  Columbia. 
Four  U.  S.  Territories  are  on  the  mailing  lists. 

In  the  Western  Hemisphere,  Canada  and 
Mexico  take  97  copies  of  the  magazine:  8 
countries  in  Central  America  and  the  Carribean 
area  receive  22  copies;  and  8  South  American 
nations  get  90  copies. 

In  Europe,  318  copies  of  the  magazine  are 
distributed  among  22  different  countries. 

Dividing  Africa  on  latitude  10°  N.,  6  North 
African  countries  receive  18  copies  of  Public 
Roads;  10  Central  and  South  African  coun- 
tries get  56  copies.  On  the  Asian  continent, 
26  copies  of  the  magazine  go  to  7  countries  in 
the  Middle  East  (longitude  30°-60°  E.) ; 
6  nations  in  Central  Asia  (longitude  60°-100° 
E.)  receive  51  copies;  7  countries  in  the  Far 
East  (east  of  longitude  100°  E.)  get  126  copies. 
Four  countries  of  Oceania  receive  92  copies. 

The  896  copies  going  to  80  different  coun- 


tries account  for  17  percent  of  the  total  Public 
Roads  distribution  of  5,313  copies. 

The  paid  circulation  of  1,541  copies  amounts 
to  29  percent  of  the  total  distribution,  which 
seems  surprisingly  good  for  a  government 
periodical  in  the  technical  research  field. 

Public  Roads  is  indeed  a  world  traveler 
and,  judging  from  the  proportion  and  rate  of 
increase  of  subscription  sales,  it  must  be  a 
welcome  one. 

As  a  matter  that  may  be  of  interest  to  some, 
the  countries  receiving  Public  Roads  are 
listed  below.  The  magazine  also  goes,  of 
course,  to  all  48  States,  the  District  of  Colum- 
bia, Alaska,  Canal  Zone,  Hawaii,  and  Puerto 
Rico. 

Western    Hemisphere. — Argentina,    Bolivia. 
Brazil,    British   West   Indies,    Canada,    Chile, 
Colombia,  Costa  Rica,  Cuba,  Ecuador,  Gua 
mala,  Honduras,  Mexico,  Nicaragua,  Panama, 
Peru,  Uruguay,  and  Venezuela. 

Europe. — Austria,  Belgium,  Czechoslovakia. 
Denmark,  England,  Finland,  France,  I 
many,  Greece,  Hungary,  Iceland,  Ireland, 
Italy,  Netherlands,  Norway,  Portugal,  Scot- 
land, Spain,  Sweden,  Switzerland,  Union  of 
Soviet  Socialistic  Republics,  and  Yugoslavia. 

Africa. — Algeria,  Angola,  Belgian  Congo, 
Egypt,  Ethiopia,  Federation  of  Rhodesia  and 
Nyasaland,  French  West  Africa,  Gold  Coast, 
Kenya,  Liberia,  Morocco,  Mozambique,  Ni- 
geria, Tanganyika,  Tunisia,  and  Union  of 
South  Africa. 

Asia. — Afghanistan,  Burma,  Ceylon,  China 
(Taiwan),  Hong  Kong,  India,  Iran.  Iraq, 
Israel,  Japan,  Jordan,  Lebanon,  Malaya, 
Pakistan,  Philippines,  Singapore,  Syria.  Thai- 
land, Turkey,  and  Kazakh  Soviet  Socialistic 
Republic  (U.  S.  S.  R.). 

Oceania. — Australia,    Indonesia,    New    Zea 
land,  and  Papua. 
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A  list  of  the  more  important  articles  in  Public 
Roads  may  be  obtained  upon  request  addressed 
to  Bureau  of  Public  Roads,  Washington  25,  D  C. 


77i«>  following  publications  are  sold  by  the  Superintendent 
of  Documents,  Government  Printing  Office,  Washington  25, 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.      Prepayment  is  required. 


ANNUAL  REPORTS 

Work  of  the  Public  Roads  Administration: 

1941,  15  cents.  1948,  20  cents. 

1942,  10  cents.  1949,  25  cents. 
Public  Roads  Administration  Annual  Reports: 

1943;  1944;  1945;  1946;  1947. 

(Free  from  Bureau  of  Public  Roads) 
Annual  Reports  of  the  Bureau  of  Public  Roads: 

1950,  25  cents.  1952,  25  cents.  1954  (out  of  print). 

1951,  35  cents.  1953,  25  cents. 


PUBLICATIONS 

I   Bibliography  of  Highway  Planning  Reports  (1950).     30  cents. 
I   Braking  Performance  of  Motor  Vehicles  (1954).     55  cents. 
I  Construction  of  Private  Driveways,  No.  272MP  (1937).     15  cents. 
I  Criteria  for  Prestressed  Concrete  Bridges  (1954).     15  cents. 
I  Design  Capacity  Charts  for  Signalized  Street  and  Highway  Inter- 
sections (reprint  from  Public  Roads,  Feb.  1951).     25  cents. 
I  Electrical  Equipment  on  Movable  Bridges,  No.  265T  (1931).     40 
cents. 
Factual   Discussion   of   Motortruck   Operation,    Regulation,   and 

Taxation  (1951).     30  cents. 
Federal  Legislation  and  Regulations  Relating  to  Highway  Con- 
struction (1948).     Out  of  print. 
Financing  of  Highways  by  Counties  and  Local   Rural  Govern- 
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Capacities  of  One-Way  and  Two-Way 

Streets  with  Signals  and  with  Stop  Signs 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  ALEXANDER  FRENCH  ' 
Highway  Transport  Research  Engineer 


In  recent  years  there  have  been  reports  from  several  cities  of  streets  with 
progressive  signal  control  carrying  very  heavy  traffic  at  comparatively  high 
speed.  Attempts  to  develop  comparable  systems  in  other  areas  have  frequently 
been  unsuccessful.  This  article  describes  an  intensive  study  of  a  major  street 
and  indicates  the  high  capacities  which  are  attainable.  With  information  from 
a  number  of  tliese  facilities  it  should  be  possible  to  determine  and  measure  the 
effects  of  the  significant  factors  which  make  such  high  capacities  possible. 

The  possible  capacity  of  the  one-way  through  street,  40 feet  in  width,  described 
in  this  article  was  found  to  be  7,000  vehicles  during  each  hour  of  green  signal 
time.  With  the  light  green  during  one-half  of  each  signal  cycle,  it  is  thus 
possible  to  carry  3,500  vehicles  during  each  clock  hour.  Since  an  ideal  com- 
bination of  conditions,  sotne  of  which  remain  to  be  measured,  is  evidently 
necessary  for  the  attainment  of  these  high  volumes,  there  is  no  assurance  that 
such  high  capacities  can  be  designed  into  a  city  street  system.  The  traffic 
volumes  given  in  the  Highway  Capacity  Manual  are  usually  attainable  under 
average  conditions,  and  the  values  reported  therein  are  generally  appropriate 
for  design  purposes.2 

All-way  stop  signs,  the  general  term  which  includes  four-way  stop  signs  as 
well  as  the  situation  when  one  or  more  of  the  streets  are  one  way,  have  been 
used  frequently  during  recent  years.  There  has  been  considerable  discussion 
by  engineers  as  well  as  the  driving  public  of  the  relative  merits  of  all-way  stop 
signs,  the  more  usual  stop  signs  on  the  cross  streets  only,  and  signal  control. 
In  this  article  capacities  ivith  signal  control,  with  stop  signs  on  the  cross  street, 
and  with  stop  signs  on  all  approaches  are  compared.  From  this  comparison  it 
appears  that  stop  signs  on  the  cross  streets  only  are  practical  at  traffic  volumes 
considerably  below  those  at  which  the  other  two  types  of  control  are  feasible. 
When  both  streets  are  two  way,  four -way  stop  signs  appear  to  be  practical  at 
traffic  volumes  approaching  those  observed  for  signal  control.  With  the  through 
street  one  way,  however,  progressive  signal  control  was  found  to  provide  sub- 
stantially greater  capacity  than  either  of  the  two  types  of  stop-sign  control. 


2  Highway  capacity  manual,  by  the  Committee  on  Highway  Capacity,  Department  of  Traffic  and  Opera- 
tions, Highway  Research  Board.    Published  by  the  Bureau  of  Public  Roads,  1950. 


THE  relative  merits  of  each  of  the  various 
types  of  control  devices  have  long  been  a 
topic  of  discussion  and  it  is  therefore  desir- 
able that  factual  information  be  obtained  for 
use  as  a  guide  in  determining  the  conditions 
under  which  traffic  signals,  two-way  stop 
signs,  and  four-way  stop  signs  provide  the 
most  efficient  operation. 

Both  stop  signs  and  signals  are  used  ex- 
tensively to  control  traffic  at  intersections. 
Generally,  stop-sign  control  is  used  only  on 
the  less  important  of  the  two  intersecting 
streets,  but  in  some  instances  four-way  stop- 
sign  control  is  used. 

This  article  is  concerned  with  a  study  of 
traffic  at  four  intersections  while  the  traffic 
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signals  were  in  normal  operation,  and  also 
studies  at  the  same  locations  while  two-way 
stop  signs  and  four-way  stop  signs  were  used 
in  place  of  traffic  signals. 

Definitions 

Progressive  signal  control.- — In  the  simple 
progressive  system  the  various  signal  faces 
controlling  a  given  street  give  "go"  indica- 
tions in  accordance  with  a  time  schedule  to 
permit,  as  nearly  as  possible,  continuous 
operation  of  groups  of  vehicles  along  the  street 
at  a  planned  rate  of  speed,  which  may  vary 
in  different  parts  of  the  system. 


Possible  rapacity. — The  maximum  number 
of  vehicles  that  can  pass  a  given  point  on  a 
lane  or  roadway  during  one  hour  under  tin- 
prevailing  roadway  and  traffic  conditions, 
regardless  of  their  effect  in  delaying  drivers 
and  restricting  their  freedom  to  maneuver. 

Practical  capacity. — The  maximum  num- 
ber of  vehicles  that  can  pass  a  given  point 
on  a  lane  or  roadway  during  one  hour  under 
the  prevailing  roadway  and  traffic  conditions, 
without  unreasonable  delay  or  restriction  to 
the  drivers'  freedom  to  maneuver. 

Cross  street  stop-sign  control. — The  cross 
street  approach  or  approaches  to  an  inter- 
section are  controlled  by  stop  signs  while  the 
through  street  is  uncontrolled. 

All-way  stop-sign  control. — All  intersection 
approaches  are  controlled  by  stop  signs. 
The  term  "four-way  stop  sign"  is  not  appli- 
cable at  intersections  where  one  or  both  of  the 
intersecting  streets  are  one  way. 

Loaded  cycles. — A  cycle  was  considered  to 
be  loaded  at  an  intersection  approach  if 
vehicles  were  traveling  through  the  inter- 
section during  the  entire  green  period  and  the 
flow  was  stopped  by  the  amber  or  red  signal. 

Description  of  Study  Site 

The  four  intersections  studied  are  on  L3th 
Street,  N.  W.,  in  Washington,  D.  C,  a  four- 
lane  street  which  carries  more  than  3,200 
vehicles  per  hour  during  the  peak  period.  It 
is  operated  one  way  inbound  during  the  morn- 
ing peak  period  and  one  way  outbound  during 
the  evening  peak  period,  and  for  the  remaining 
time  it  operates  as  a  two-way  street  with 
parking  on  one  side.  The  1.8-mile  section  of 
13th  Street  between  Logan  Circle  and  Spring 
Road  with  a  peak-hour  overall  speed  of  about 
18  miles  per  hour  is  an  unusually  efficient 
arterial  street,  carrying  far  heavier  traffic  than 


'  The  data  were  collected  in  the  field  by  19  junior  highway 
engineers.  A  preliminary  report  by  four  of  these  engineers, 
Robert  D.  Bee,  Walter  W.  Bryant,  Dwight  A.  Hodgens,  Jr., 
and  Joseph  Rekas,  was  prepared  as  part  of  tho  Bureau  of 
Public  Roads  Junior  Engineer  Training  Program.  This 
article  is  based  chiefly  on  further  analysis  of  the  data.  The 
District  of  Columbia  Department  of  Motor  Vehicles  and 
Traffic  supplied  the  signs  and  adjusted  signal  timing  as 
directed  by  John  H.  Mitton,  Assistant  Director  and  Traffic 
Engineer.  The  Metropolitan  Police  provided  officers  for 
emergency  control  under  the  direetion  of  John  J.  Agnew, 
Deputy  Chief  of  Police. 

255 


Normal   Traffic   Control 
0  Signals 
H    Stop  Signs 


EUCLID    ST. 


Figure  1. — Location  of  four  intersections  on 
13th  Street  included  in  sturly. 


most  streets  of  this  width  are  capable  of 
accommodating  under  usual  conditions.  The 
three  types  of  intersection  control  were  ob- 
served  under  heavy  traffic  loads  at  intersec- 
tions with  both  one-way  and  two-way  streets. 
Thirteenth  Street  is  a  through  north-south 
street  carrying  much  heavier  traffic  volumes 
than  the  cross  streets.  The  cross  streets  at 
which    studies    were    made    are    as    follows: 
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Irving  Street  and  Park  Road,  which  carry  two- 
way  traffic;  Harvard  Street,  which  is  one  way 
eastbound;  and  Columbia  Road,  which  is  one 
way  westbound.  The  general  layout  of  the 
study  area  is  shown  in  figure  1.  Details  of 
each  intersection  are  shown  in  figure  2,  while 
figure  3  shows  typical  traffic  on  13th  Street 
when  operating  two  way  and  one  way. 

All  four  intersections  are  normally  con- 
trolled by  an  interconnected  system  of  co- 
ordinated fixed-time  traffic  signals.  There  is 
a  single  dial  in  the  time  controller  at  each 
intersection.  Consequently,  the  80-second 
signal  cycle  and  the  stop  and  go  intervals  for 
13th  Street  and  the  cross  streets  remain  con- 
stant throughout  the  day.  The  signals  are 
interconnected  with  a  master  controller,  how- 
ever, so  that  the  time  offsets  between  succes- 
sive signals  on  13th  Street  can  be  changed. 
This  provides  for  progressive  traffic  movement 
favoring  the  desired  direction  of  travel  at 
different  times  of  the  day. 

Three  different  signal  progressions  are  used. 
The  first,  which  is  used  during  the  morning 
rush  period,  provides  progressive  movement 
for  13th  Street  traffic  while  it  is  one  way  in- 
bound. The  second,  which  is  used  during 
nonrush  periods,  provides  reasonably  good 
progression  in  both  directions  while  13th 
Street  carries  two-way  traffic.  The  third, 
which  is  used  during  the  afternoon  rush 
period,  provides  excellent  progression  while 
13th  Street  is  operating  one  way  outbound. 

Accident  data  for  13th  Street  are  compared 
with  those  for  other  arterial  streets  and 
urban  freeways  in  table  1.  The  accident 
rate  is  13  percent  higher  than  the  average 
based  on  a  nationwide  study  of  representative 
arterial  city  streets.  This  higher  accident 
rate  may  be  due  in  part  to  the  very  complete 
reporting  of  accident  data  in  the  District  of 
Columbia.  It  is  not  believed  to  indicate  a 
significantly  higher  accident  potential.  The 
accident  rate  on  13th  Street  is  much  higher, 
however,  than  that  for  urban  freeways  with 
full  control  of  access  although  the  fatality 
rates  are  the  same. 

Scope  of  Study 

The  principal  field  studies  were  conducted 
on  three  weekday  afternoons  in  March  1954. 
Operation  with  signal  control  wasobserved  the 
first  day.  The  green  time  on  the  cross  streets 
was  reduced  in  an  attempt  to  provide  a  con- 
tinual backlog  of  vehicles  on  cross  streets  so 
that  their  possible  capacities  could  be  deter- 


Table  1. — Accidents  per  hundred  million 
vehicle-miles  of  travel  on  13th  Street 
compared  with  other  facilities 


13th 

Street  ' 

Other 
arterial 
streets  2 

Urban 
free- 
ways 2 

Reported  accidents 

Fatalities 

1,091 
2 

966 
3 

146 
2 

'  Logan  Circle  to  Spring  Road,  1.8  miles,  Jan.  1,  1952-June 
30,  1954. 

2  These  are  preliminary  figures  for  arterial  streets  with  no 
access  control  and  for  urban  freeways  with  full  control  of  ac- 
cess. Data  were  developed  from  cooperative  studies  made  by 
the  Bureau  of  Public  Roads  and  State  highway  departments. 


mined.  On  another  day,  stop  signs  were  use 
to  control  traffic  on  the  cross  streets.  On 
third  day,  stop-sign  control  was  used  on  a 
approaches  to  the  intersections.  Addition* 
field  studies  were  conducted  in  November  t 
measure  the  delay  to  traffic  with  the  norim 
signal  timing  and  to  determine  the  capacit 
of  13th  Street  with  two-way  traffic  controlle 
by  signals. 

Manual  counts  of  all  through  and  turnin 
movements,  classified  by  type  of  vehicle 
were  made  at  all  entrances  to  the  intersections 
These  were  recorded  for  every  cycle  whe: 
signals  were  in  operation,  and  every  2  minute 
when  signals  were  off  and  traffic  was  bein 
controlled  by  stop  signs.  Fully  utilized  "go 
periods  (loaded  cycles)  were  noted  whil 
observing  traffic  controlled  by  signals.  T 
provide  data  from  which  vehicular  dela 
might  be  computed,  counts  were  made  o 
standing  vehicles  at  each  intersection  approacl 
at  regularly  spaced  intervals.  Intervals  o 
30  seconds  were  used  when  signals  were  ii 
operation  and  2-minute  intervals  were  usee 
when  stop-sign  control  was  employed. 

Field  data  were  summarized  by  10-minut 
periods.  Rates  per  hour  of  green  signa 
time  were  calculated  so  that  the  rates  ari 
comparable  regardless  of  signal  timing.  Th 
rate  per  hour  of  green  was  calculated  bj 
dividing  the  hourly  volume  as  normally  deter 
mined  by  the  percentage  that  the  green  period 
not  including  any  amber  time,  was  of  th( 
total   cycle. 

To  calculate  total  delay,  the  number  o: 
stopped  vehicles  as  determined  by  the  peri 
odic  count  was  multiplied  by  the  time  interva 
between  counts.  This  value  was  then  dividec 
by  the  number  of  vehicles  entering  the  inter 
section  to  determine  the  delay  per  vehicle. 

Summary  of  Findings 

A  definite  value  for  either  practical  oi 
possible  capacity  was  determined  for  each  of 
the  three  types  of  intersection  control  included 
in  this  study.  The  effect  of  one-way  and  two 
way  operation  on  the  capacities  of  botl 
through  and  cross  streets  and  the  effect  oi 
parking  on  the  through  street  were  alsc 
determined.  These  determinations  were  based 
on  the  magnitude  of  the  delays  to  traffic  as 
well  as  on  the  traffic  volumes  observed.  The) 
studies  were  conducted  at  intersections  wheref 
the  through  street  is  40  feet  wide  and  the  cross 
streets  30  feet  wide  with  parking  on  one  side 
The  intersections  are  in  a  densely  developed 
residential  area  with  comparatively  few 
pedestrians.  Traffic  on  the  through  street 
was  exceedingly  heavy  during  the  rush  periods, 
and  on  each  of  the  four  important  cross 
streets  it  was  seldom  less  than  250  vehicles 
per  hour  during  the  day.  The  following  are 
the  more  important  findings  for  the  prevailing 
roadway  and  traffic  conditions: 

Progressive  signal  control 

The  capacity  of  13th  Street  with  one-way 
operation  and  parking  prohibited  was  found 
to  be  1,750  vehicles  per  hour  of  green  per  10 
feet  of  street  width. 

The  capacity  of  13th  Street  when  operating 
two   way   with   parking  on   one  side  was   37 
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Figure  2. — Detniletl  information  for  intersections  studied. 


percent  greater  at  two-way  cross  streets  and 
48  percent  greater  at  one-way  cross  streets 
than  with  parking  on  both  sides.  With  no 
parking  on  either  side,  the  through-street 
capacity  was  75  percent  greater  at  two-way 
cross  streets  and  97  percent  greater  at  one- 
way cross  streets  than  when  parking  was 
permitted  on  both  sides. 
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Changing  from  two-way  to  one-way  oper- 
ation on  the  through  street,  with  no  parking, 
increased  the  capacity  of  the  through  street 
25  percent  at  intersections  with  two-way 
cross  streets  and  11  percent  at  intersections 
with  one-way  cross  streets. 

The  capacity  of  the  through  street  was 
increased   119  percent  by  the  elimination  of 


parking  from  both  sides  and  by  the  use  of 
one-way  rather  than  two-way  operation. 

Changing  from  two-way  to  one-way  oper- 
ation and  eliminating  parking  on  the  through 
street  increased  the  capacity  of  the  two-way 
cross  streets  11  percent  and  the  one-way 
cross  streets  20  percent. 

The  capacity  of  the  one-way  cross  streets 
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Figure  3. —  Traffic  scenes  on  13th  Street:  two-way  traffic  (above)  during  off-peak  period  at, 
Irving  Street  intersection,  and  one-way  northbound  traffic  {below)  during  evening 
peak  period  at  Park  Road  intersection. 


was  15  percent  greater  than  the  capacity  of 
the  two-way  cross  streets  while  there  was 
two-way  operation  on  13th  Street.  The 
corresponding  figure  while  13th  Street  was 
operating  as  a  one-way  street  was  24  percent. 
Traffic  delays  with  progressive  signal  control 
increased  comparatively  little  with  an  increase 
in  the  traffic  volume  until  the  volumes 
approached  very  closely  the  possible  capacities 
of  the  streets.  This  was  true  for  delays  to 
both  through-  and  cross-street  traffic. 

Stop-sign  control  on  cross  streets 

The  capacities  of  the  cross  streets  with  stop- 
sign  control  on  these  streets  only  were  affected 
principally  by  the  traffic  volume  on  the 
through  street.  "Whether  the  cross  streets  or 
the  through  street  were  operated  as  one-way  or 
two-way  streets  made  no  apparent  difference 
in  the  capacity  of  the  cross  street.  The  pos- 
sible capacity  of  one-way  and  two-way  cross 
streets  decreased  from  800  vehicles  per  hour  to 
400  vehicles  per  hour  when  the  volume  on  the 
through  street  increased  from  1,300  to  2,500 
vehicles  per  hour.  The  decrease  in  capacity  of 
the  cross  streets  was  not,  however,  directly 
proportional  to  the  increase  in  volume  on  the 
through  street. 

Delay  to  traffic  on  the  through  street  was 
practically  nil,  regardless  of  the  traffic  volume 
on  the  cross  streets. 

The  delay  to  traffic  on  the  cross  streets  was 
the  principal  criterion  for  determining  possible 
and  practical  capacities  with  stop  signs  on  the 
cross  streets.      The   possible   capacity   is   the 
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volume  which,  if  exceeded  even  a  slight 
amount,  will  result  in  extremely  long  delays. 
For  a  given  volume  of  traffic  on  the  through 
street,  the  delay  to  traffic  on  the  cross  street 
when  operating  at  possible  capacity  is  more 
than  double  the  delay  when  operating  at 
practical  capacity.  Also,  the  practical  capacity 
of  a  cross  street  is  less  than  one-half  of  its 
possible  capacity. 

Changing  either  the  through  street  or  the 
cross  street  from  two-way  to  one-way  opera- 
tion had  no  apparent  effect  on  the  delay  to 
traffic  on  the  cross  street  or  the  capacity  of  the 

cross  street. 

-• 

All-way  stop-sign  control 

The  practical  capacity  of  the  intersections 
with  all-way  stop-sign  control  was  found  to 
approach  500  vehicles  per  lane  per  hour  for 
the  operational  lanes  on  both  streets.  The 
validity  of  this  finding  under  other  conditions 
with  a  high  traffic  volume  per  lane  on  one  of 
the  streets  and  a  low  volume  per  lane  on  the 
other  street  was  not  determined. 

With  similar  traffic  volumes  per  lane  on 
both  streets,  the  delay  per  vehicle  on  the 
through  street  was  approximately  the  same 
as  the  delay  per  vehicle  on  the  cross  street. 

Conclusions 

The  following  conclusions  appear  to  be 
justified  for  the  conditions  under  which  these 
studies  were  conducted: 


1.  With  properly  coordinated  progressive 
signal  control,  the  practical  capacity  of  the 
one-way  street  closely  approaches  its  possible 
capacity.  The  delays  to  traffic  when  volumes 
are  near  possible  capacity  are  not  excessive 
under  these  conditions  and  only  slightly 
greater  than  the  delays  at  much  lower 
volumes. 

2.  Intersection  capacities  are  greater  with 
progressive  signal  control  than  with  either 
type  of  stop-sign  control.  When  the  through 
street  is  one  way,  the  intersection  capacities 
with  progressive  signal  control  are  substan- 
tially greater  than  with  either  type  of  stop-sign 
control.  The  average  delay  to  all  traffic  is  less 
with  progressive  signal  control  than  with 
either  type  of  stop-sign  control,  except  pos- 
sibly with  stop-sign  control  at  cross  streets 
carrying  exceedingly  low  volumes  while  the 
through  street  is  carrying  a  high  volume. 

3.  Possible  and  practical  capacities  for 
cross-street  stop-sign  control  are  much  lower 
than  for  progressive  signal  control  or  all-way 
stop-sign  control.  Somewhat  higher  volumes 
than  those  found  during  this  study  might  be 
practical  with  stop-sign  control  on  the  cross 
street  when  the  intersection  is  located  be- 
tween signal-controlled  intersections  on  the 
through  street. 

4.  The  capacity  of  an  intersection  at  which 
all  traffic  is  controlled  by  stop  signs  approaches 
that  of  an  intersection  with  progressive  signal 
control  when  both  streets  carry  two-way 
traffic.  When  one  or  both  of  the  streets 
carry  traffic  in  only  one  direction,  the  capacity 
with  all- way  stop  signs  is  considerably  lower 
than  that  possible  with  progressive  signal 
control. 

5.  The  capacity  of  an  intersection  will  vary 
greatly  with  the  control  and  regulation  of 
traffic.  A  change  in  operating  conditions  at 
one  intersection  approach  may  affect  the  ca- 
pacity of  the  intersecting  street  as  well  as 
that  of  the  street  on  which  the  change  oc- 
curred. Additional  studies  are  necessary  to 
determine  the  most  effective  type  of  control 
for  the  many  conditions  that  exist  other  than 
those  included  in  this  study. 

In  the  application  of  the  above  conclusions, 
it  must  be  remembered  that  they  apply  only 
to  conditions  similar  to  those  found  on  13th 
Street.  The  very  high  values  for  capacity 
with  signal  control  cannot  be  used  when  esti- 
mating capacities  because  for  most  streets  the 
results  would  be  erroneously  high.  The  very 
efficient  operation  of  the  progressive  signal 
system  is  emphasized  since  it  expedites  the 
movement  of  exceedingly  high  volumes  of 
traffic  to  a  degree  seldom  equaled  on  streets 
of  this  type.  It  may  be  significant  that  most 
of  the  drivers  on  13th  Street  during  the  peak 
period  use  this  street  daily  and  are  therefore 
practiced  in  maintaining  optimum  speed  and 
spacing. 

These  facts  are  important  considerations 
when  comparing  the  results  of  this  study  with 
those  of  other  studies  which  do  not  show  the 
same  advantages  for  signal  control  as  corn- 
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pared  with  stop-sign  control.3  There  is  close 
agreement,  however,  in  the  results  of  this 
study  and  other  studies  in  the  traffic  volumes 
accommodated  by  the  two  types  of  stop-sign 
control.  The  fact  that  13th  Street  can  ac- 
commodate smoothly  such  high  traffic  volumes 
at  a  reasonable  speed  for  urban  conditions  is  a 
tribute  to  the  traffic  engineers  who  operate  the 
progressive  signal  system. 

Signal  Control 

Despite  the  high  traffic  volumes  observed 
at  the  four  intersections  while  they  were 
controlled  by  signals,  the  traffic  demand  on 
some  of  the  approaches  was  insufficient  to 
utilize  fully  the  green  or  "go"  interval  during 
any  of  the  signal  cycles.  On  several  of  the 
approaches  the  green  interval  was  fully 
utilized  during  a  few  cycles  only.  The  green 
interval  was  considered  fully  utilized  when  the 
traffic  demand  at  the  observed  approach  was 
equal  to  the  possible  capacity  of  that  inter- 
section approach  with  vehicles  continuously 
entering  the  intersection  throughout  the  green 
interval.  Cycles  during  which  these  condi- 
tions occurred  are  called  loaded  cycles.  A 
loaded  cycle  for  an  intersection  approach  is 
independent  of  the  traffic  on  the  other 
approaches  which  may  or  may  not  be  loaded 
during  the  same  period. 

The  first  four  columns  of  table  2  show  the 
traffic  volume  on  13th  Street,  the  percentage 
of  dual-tired  vehicles,  and  the  percentage  of 
right  and  left  turns  during  the  1-hour  period 
of  maximum  traffic.  The  next  column  shows 
the  number  of  seconds  of  green  signal  time  per 
cycle.  The  traffic  volume  per  hour  of  green 
signal  time  follows.  The  highest  hourly  rate 
observed  during  10  consecutive  minutes  is 
shown  next,  followed  by  the  rate  per  hour  of 
green  time  for  loaded  cycles.  All  these  data 
were  compared  for  similar  intersection  ap- 
proaches, and  the  estimated  possible  capacity 
was  determined  for  each  approach.  This  is 
tabulated  in  the  last  column  of  the  table. 
Table  3  is  similar  to  table  2  and  lists  the  data 
for  the  cross  streets. 

Determination  of  possible  capacity 

The  estimated  possible  capacities  shown  in 
the  last  column  of  tables  2  and  3  were  deter- 
mined on  the  basis  of  the  1-hour,  10-minute, 
and  loaded-cycle  volumes.  Data  for  similar 
intersection  approaches  were  considered  col- 
lectively in  arriving  at  these  capacities.  The 
values  represent  the  possible  capacities  over 
a  1-hour  period  even  though  volumes  for 
shorter  time  periods  were  used  in  their  deter- 
mination. A  detailed  description  of  the 
method  of  determining  these  values  is  neces- 
sary for  an  appreciation  of  their  reliability. 

First,  the  1-hour  volume  was  compared 
with  the  maximum  10-minute  volume  and 
the    volume    during    loaded    cycles    at    the 


Table  2. — Traffic  data  and  estimated  possible  capacity  for  l.Uh  Street  al  four  sie.nal- 

con trolled  intersections 


3  A  capacity  relationship  between  four-way  stop  intersection 
control  and  fixed-time  traffic  signal,  by  James  Madison  Hunni- 
cutt,  Jr.  Thesis,  Bureau  of  Highway  Traffic,  Yale  Uni- 
versity, 1954;  also  A  comparison  of  delay  to  vehicles  crossing 
urban  intersections,  four-way-stop  vs.  semi-traffic-acluated 
signal  control,  by  Edward  M.  Hall.  Student  Research 
Report  No.  4,  The  Institute  of  Transportation  and  Traffic 
Engineering,  University  of  California,  Jan.  1952. 
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Conditions  during  continuous  1-hour 

Maximum    observed    traffic 

periods  of  maximum  traffic 

volumes  per  hour  oi 
time  during— 

Esti- 

Location 

mated 
possible 

fuming  move- 

((reen 

capacity 

Traffic 
volume 

Dual- 

t  ired 
vehicles 

ments 

time 
for  80- 
s ind 

1-hour 
pei  iod 

10- 
minute 
period 

Loai 

cycles  i 

per  hour 
of  green 

Left 

Right 

cycle 

13th  Street  Carryinc 

Two-Way  Traffic  - 

13th  Street,  southbound: 

V.p.h. 

Percent 

Percent 

Percent 

x,  i  onds 

l  :i:;:iis 

Vehicles 

I  'ehicles 

At  Park  Rd.,  two  \\  ay  - 

482 

3.5 

0.4 

7.11 

38 

1,(115 

2,080 

1,530(1-1) 

1.600 

At  Irving  St..  two  way.  _. 

524 

2.9 

1.9 

1.3 

(?) 

1.  435 

1,720 

1,61)5(2.5-39) 

1,6(1(1 

At  f  olumbia  Rd.,  one  way 

557 

3.4 

6.8 

t5 

990 

1,  181 

None 

1  ''.on 

At  1 1 :ii  \  ard  St.,  one  way 

555 

1  3 

5.4 

29 

1.531 

1,707 

1,610(5     .  - 

I  600 

13th  Street,  northbound: 

At  Park  Rd.,  two  wav 

836 

2.7 

4.  1 

6.  6 

40 

1,672 

2.  124 

2,  460  (3-3) 

2,600 

At  Irving  St.,  two  way 

74S 

2.9 

4.3 

1.3 

(') 

2,  Him 

2.916 

2,6:15(10-25) 

3,000 

At  Columbia  Rd.,  one  way.. 

671 

3.  3 

6.8 

15 

1.  193 

1.611 

None 

3,000 

U  Hai  vard  St.,  one  way.    . 

849 

2.8 

4.1 

29 

2,  342 

3.321 

3.  576  (.5-20) 

3,  300 

13th  Street  Carkyini 

;  One-Way  Tr  uth  - 

13th  Street,  northbound: 

At  Park  Rd.,  two  wav 

2.  747 

(1.9 

i..  1 

10.3 

40 

5.  -I'M 

7,  1  HI 

6,857(8-  16) 

7. 000 

At  Irving  St.,  two  wav       . 

3, 128 

1.0 

1.8 

.5 

52 

4,811 

5,  623 

None 

7.1)110 

At  Columbia  Rd.,  one  wav  - 

3,  168 

1.0 

3.6 

1.-) 

5,  633 

6,  614 

None 

7.  111)1) 

At  Harvard  Si.,  one  way 

2,987 

.8 



4.7 

50 

1.  779 

5,  309 

5,  637  (4-16) 

7.0110 

1  The  number  of  loaded  cycles  observed  is  shown  by  the 
first  of  the  two  figures  in  parentheses;  the  second  figure  is 
the  number  of  consecutive  cycles  in  the  periol  during  which 
the  loaded  cycles  were  observed. 

-'  Parking  is  permitted  only  on  the  west  side  used  by  south- 


bound traffic  while  13th  Street  is  operating  two  way.  All 
parking  is  prohibited  on  13th  Street  during  one  way  opera- 
tion. 

3  Twenty-four,  32-second  green  periods;  eleven,  28  second 
green  periods;  and  ten,  21-second  green  periods. 


Table  3. 


-Traffic  data  and  estimated   possible  capacity  of  lour  signal-controlled  streets 
crossing  13th  Street  ' 


Location 

Conditions  during  continuous  1-hour 
periods  of  maximum  traffic 

Maximum    observed    traffic 
volumes  per  hour  of  green 
time  during— 

Esti- 
mated 

Traffic 
volume 

Dual- 
tired 

Turning  move- 
ments 

Green 
time 
for  80- 
second 
cycle 

1-hour 
period 

10- 
minute 
period 

Loaded 

possible 
capacity 
per  hour 
of  green 

vehicles 

Left 

Right 

Cross  Streets  Carrying  Two-Way  Traffic 

13th  Street,  two  way: 

Park  Rd.,  eastbound 

Park  Rd.,  westbound 

Irving  St.,  eastbound 

Irving  St.,  westbound 

13th  Street,  orie  way: 

Park  Rd. ,  eastbound 

Park  Rd.,  westbound 

Irving  St.,  eastbound 

Irving  St.,  westbound   

V.p.h. 
273 
294 
203 
115 

366 
304 
245 
179 

Percent 
8.0 
3.4 
13.8 

15.6 

2.7 
3.0 
9.8 
7.3 

Percent 

2.9 

25.8 

13.8 

6.1 

13.1 

19.6 

Percent 

9.9 

1.7 

18.7 

7.8 

4.9 
10.8 

Seconds 
18 
18 
18 

is 

18 

24 
18 
18 

Vehicles 

1,  213 

1,307 

902 

511 

1.627 

1,013 

1,089 

795 

Vehicles 
1,  502 
1,551 

1.21)0 

649 

1,849 
1,249 

1 ,  450 
1.000 

Vehicles 
1,333(24-40) 
1,400(30-45) 
1,120(10-44) 

800    (1-1) 

1,542(43-52) 

1,433    (6-52) 

1,055(40-92) 

850    (8  39 

Vehicles 

1,  400 
1,400 
1,200 

1,200 

1,600 
1.400 
1.  inn 
1,400 

Cross  Streets  Carrying  One-Way  Traffic 

13th  Street,  two  way: 

465 
447 

668 
708 

3.9 
5.6 

1.(1 
1.8 

7.3 
20.4 

33.  5 

9.0 
5.1 

12.6 

15 
15 

(?) 

17 

2,  ISO 
2,384 

:   is;. 

3,  332 

'J,  01  7 
2,821 

;  '.i,u 
3,  936 

2.824(13-28) 
3,120    (5-7) 

3.  553  (41-95) 
3,  600  (60-89) 

3,000 

3,000 

3  ''-in 
3,600 

13th  Street,  one  way: 

i  Cross  streets  are  30  feet  wide  with  parking  permitted  on 
one  side  except  for  the  west  leg  of  thePark  Roid  intersection. 
The  latter  is  38  feet  wide  with  parking  permitted  on  both 
sides.  ,  .  ,     .. 

2  The  number  of  loaded  cycles  observed  is  shown  by  the 


particular  approach.  The  relation  between 
these  values  as  well  as  the  frequency  of  loaded 
cycles  formed  a  basis  for  tentatively  esti- 
mating possible  capacity.  For  instance,  if 
the  1-hour  volume  and  loaded-cycle  volume 
were  well  below  the  maximum  10-minute 
volume,  it  was  evident  that  the  first  two  were 
well  below  capacity.  The  presence  of  only 
a  few  loaded  cycles  during  a  large  number  of 
consecutive  cycles  would  confirm  this.  In 
such  a  case  it  is  possible  that  even  the  maxi- 


first  of  the  two  figures  in  parentheses;  the  second  figure  is  the 
number  of  consecutive  cycles  in  the  perio  1  during  which  the 
loaded  cycles  were  observed. 

3  Thirty-sevii.    15-second   green   periods;   and   eight,   25- 
second  green  periods. 


mum  10-minute  volume  was  below  possible 
capacity.  On  the  oilier  hand,  if  the  three 
volumes  were  about  equal  and  a  large  and 
fairly  concentrated  number  of  loaded  cycles 
were  observed,  this  was  an  indication  thai 
possible  capacity  was  reached.  In  such 
instances  a  volume  somewhat  below  the  maxi- 
mum 10-minute  volume,  but  not  less  than  the 
loaded  cycle  volume,  might  be  tentatively 
-elected  as  the  possible  capacity. 

After   the   tentative   values   for  all   similar 
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intersection  approaches  were  select 'd  by  this 
process  they  were  compared  with  each  other 
for  consistency  and  reasonableness.  In  this 
comparison  differences  in  turning  movements, 
frequency  of  commercial  vehicles,  bus  stops, 
and  other  factors  known  to  affect  traffic 
operation  were  considered.  If  the  tentative 
possible  capacity  estimate  for  any  approach 
appeared  inconsistent,  a  reappraisal  was 
made.  In  the  case  of  similar  approaches 
where  the  tentative  estimates  were  close,  a 
single  value  was  selected  for  the  possible 
capacity  of  all.  If  only  one  of  several  other- 
wise similar  approaches  was  observed  at  or 
near  possible  capacity  conditions,  the  value 
determined  for  this  approach  was  assigned  to 
the  others. 

Unusually  high  values  were  determined  for 
the  possible  capacity  of  13th  Street  when  it 
was  operating  one  way  northbound.  The 
highest  volumes  per  hour  of  green  were  ob- 
served at  Park  Road  where  the  green  time 
was  least.  Even  here,  with  only  one-half 
the  total  cycle  green  to  13th  Street,  only 
eight,  loaded  cycles  occurred.  With  a  volume 
during  these  cycles  of  6,857  vehicles  per  hour 
of  green  and  a  maximum  10-minute  volume 
of  7,140  vehicles  per  hour  of  green,  the  indi- 
cated 7,000  vehicles  per  hour  of  green  is 
evidently  the  approximate  possible  capacity. 
Since  the  turning  movements  were  less  at  the 
other  approaches,  it  must  be  inferred  that 
possible  capacities  at  these  approaches  are  at 
least  equal  to  the  7,000  vehicles  per  hour  of 


green  determined  at  Park  Road.  In  the 
absence  of  factual  data  indicating  higher 
capacity,  this  value  was  accepted  for  all  four 
locations,  rather  than  some  higher  value. 

The  results  of  an  analysis  of  the  data  in 
tables  2  and  3  indicate  that  within  the  range 
of  values  observed,  the  percentage  of  commer- 
cial vehicles  and  the  percentage  of  left  and 
right  turning  traffic  at  the  intersections  had 
little  apparent  effect  on  capacities  of  the  ap- 
proaches. An  exception  is  the  case  of  Irving 
Street  which  carried  about  twice  as  high  a 
percentage  of  dual-tired  vehicles  as  the  other 
cross  streets.  It  had  a  capacity  somewhat 
lower  than  the  other  cross  streets. 

The  rates  of  traffic  flow  based  on  the  10- 
minute  periods  of  maximum  volume  were 
frequently  greater  than  the  rates  based  on  the 
loaded  cycles.  These  10-minute  periods  in- 
cluded many  cycles  that  were  not  fully  loaded. 
It  is  evident,  therefore,  that  greater  volumes 
are  sometimes  carried  during  unloaded  cycles 
than  during  loaded  cycles.  A  cycle  was  con- 
sidered to  be  loaded  at  an  interesction  ap- 
proach if  vehicles  were  traveling  through  the 
intersection  during  the  entire  green  signal 
period  and  the  stream  was  interrupted  by  the 
red  signal.  Frequently,  when  all  drivers  were 
alert,  accelerated  quickly,  and  allowed  a 
minimum  headway,  all  vehicles  waiting  at  the 
intersection  and  those  arriving  during  the 
green  interval  were  able  to  clear  the  inter- 
section before  the  green  time  expired.  A 
cycle  of  this  type  would  not  be  classed  as  a 


loaded  cycle.  At  other  times  one  or  two  slow 
drivers  or  some  other  impediment  tended  to 
reduce  the  movement  of  vehicles  through  the 
intersection  and,  as  a  result,  the  cycle  was 
classified  as  being  fully  loaded  despite  the 
fact  that  the  number  of  vehicles  counted  was 
less  than  during  other  cycles  which  were  not. 
so  classified. 

Capacities  unusually  high 

The  estimated  possible  capacity  of  13th 
Street  operating  one  way  northbound  is  7,000 
vehicles  per  hour  of  green.  This  is  equivalent 
to  1,750  vehicles  per  hour  of  green  per  10  feet 
of  width  or  per  lane.  This  extremely  high 
volume  is  only  2  percent  below  the  maximum 
10-minute  volume  observed  on  13th  Street 
at  Park  Road.  At  the  time  there  was  little 
delay  to  traffic,  although  some  vehicles  re- 
quired more  than  one  signal  cycle  to  clear  the 
intersection.  Periodic  traffic  counts  obtained 
by  automatic  recorders  indicate  that  traffic 
volumes  of  3,200  vehicles  during  1  hour  occur 
frequently.  This  is  equivalent  to  6,400  vehi- 
cles per  hour  of  green  at  Park  Road.  Thus 
13th  Street  often  carries  a  volume  for  a  1-hour 
period  which  is  in  excess  of  the  peak-hour 
volume  recorded  during  this  study. 

The  estimated  capacity  of  3,600  vehicles 
per  hour  of  green  for  each  of  the  one- 
way streets  crossing  13th  is  also  unusually 
high.  This  is  equivalent  to  1,200  vehicles  per 
hour  of  green  per   10  feet  of  surface  width, 
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Figure  I. — Street  rapacity  with  signal  control  related  to  directional  operation  and  parking  conditions. 
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purb  to  curb,  with  parking  on  one  side.  The 
capacity  of  each  of  the  two-way  streets  cross- 
ing 13th  Street  is  also  unusually  high. 

These  very  high  capacities  certainly  exceed 
those  attained  on  most  city  streets.  At  these 
high  capacities  the  flow  of  traffic  through  an 
intersection  is  likely  to  be  greatly  affected  by 
a  slight  change  in  signal  timing,  especially  in 
the  time  offset  between  succeeding  signals 
which  is  very  critical  in  a  progressive  system. 
Minor  accidents,  stalled  vehicles,  and  severe 
weather  conditions  also  result  in  sharp  reduc- 
tions in  capacity.  Capacity  values  considera- 
bly lower  than  those  found  on  13th  Street  must 
therefore  be  used  for  design  when  planning 
one-way  street  systems  and  other  improve- 
ments to  city  traffic  facilities,  or  it  is  likely 
that  adequate  capacity  will  not  be  provided. 

Directional   operation   and   parking  related 
to  capacity 

By  comparing  the  possible  capacities  of  the 
approaches,  the  effect  that  two-way  and  one- 
way operation  has  on  capacity  was  deter- 
mined for  both  13th  Street  and  the  cross 
streets.  The  effect  of  parking  on  the  capac- 
ity of  13th  Street  while  operating  as  a  two- 
way  street  was  also  determined  by  comparing 
the  capacity  in  the  northbound  direction  with 
the  capacity  in  the  southbound  direction. 
Southbound  vehicles  could  park  on  the  west 
side  of  the  street  while  parking  was  prohibited 
on  the  east  side.  The  effects  of  these  condi- 
tions are  shown  graphically  in  figure  4. 

Figure  4  shows  that  under  one  set  of  condi- 
tions the  possible  capacity  of  13th  Street  is 
only  3,200  vehicles  per  hour  of  green  signal 
time,,  whereas  under  another  set  of  conditions 
the  possible  capacity  is  7,000  vehicles  per  hour 
of  green  or  2.19  times  as  high  as  the  former. 
The  improvement  in  capacity  was  realized  by 
eliminating  parking  and  changing  from  two- 
way  to  one-way  operation  on  13th  Street. 
Likewise,  the  capacity  of  a  cross  street  in  one 
case  is  2,600  vehicles  per  hour  of  green  time 
and  in  another  case,  3,600  vehicles  per  hour  of 
green.  The  difference  of  1,000  vehicles  per 
hour  or  38  percent  is  a  direct  result  of  changing 
from  two-way  to  one-way  operation  on  both  of 
the  intersecting  streets  and  does  not  involve  a 
change  in  the  parking  condition  on  the  cross 
street. 

One  of  the  most  important  results  of  the 
study  is  illustrated  by  figure  4,  which  shows 
that  the  operating  conditions  on  one  street 
affect  not  only  the  capacity  of  that  street  but 
also  the  capacity  of  the  intersecting  street. 
Under  certain  conditions,  for  example,  the 
capacity  of  13th  Street  is  higher  when  the  cross 
street  carries  one-way  traffic  than  when  it 
carries  two-way  traffic.  The  same  is  true  for 
the  capacity  of  the  cross  streets  in  relation  to 
the  directional  flow  on  13th  Street. 

Table  4  shows  the  effect  on  intersection 
capacity  of  each  change  that  was  made  on  13th 
Street  and  the  cross  streets  with  respect  to 
directional  operation  and  parking  conditions. 
In  this  table,  13th  Street  is  referred  to  as  the 
major  street  and  the  cross  streets  are  referred 
to  as  minor  streets.  By  using  this  terminology 
the  results  can  be  more  directly  compared  with 
the  results  of  studies  at  other  locations  and 
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Table  4. — Percentage  increase  in  capacities 
of  streets  at  signalized  intersections  after 
changing  from  two-way  to  one-way  oper- 
ation and  after  eliminating  parking  on 
the  major  street  ' 


Chant.'e  in  operating  conditions 

Percentage 

increase  in 

possible 

capacity  for — 

Major 

street 

Minor 
street 

Changing  from  Two-Wav  to  One-Way  Operation 

Major  street,  one  way  with  no  parking: 
Minor  street,  two  way 

25 
11 

0 
8 
12 
0 

12 
20 

15 
15 
15 
24 

Minor  street,  one  wav  . 

Minor  street,  one  way: 
Major  street,  two  way  with  park- 
ing on  both  sides...  

Major  street,  two  way  with  park- 
ing on  one  side . 

Major  street,  two  way  with  no 
parking 

Major  street,  one  way  with  no 
parking ...     . 

Eliminating  Parking  on  Major  Street' 

From  one  side: 
Minor  street,  one  way     

48 
37 

97 
75 

:::: 

Minor  street,  two  way 
From  both  sides: 

Minor  street,  one  way     

Minor  street,  two  way 

1  Parking  permitted  on  one  side  of  minor  street  in  all  cases. 

2  Two-way  traffic  on  major  street  in  all  cases. 


more  readily  applied  to  similar  situations  else- 
where. 

It  is  of  particular  interest  that  a  change 
from  two-way  to  one-way  operation  of 
traffic  on  the  major  street  increased  the 
capacity  of  the  minor  street  as  well  as  the 
capacity  of  the  major  street.  The  increase 
for  the  major  street  was  25  percent  at  loca- 
tions where  the  minor  street  was  two  way 
and  only  11  percent  where  the  minor  street 
was  one  way.  This  same  change  also  increased 
the  capacity  of  the  one-way  minor  streets  by  20 


percent  and  the  capacity  of  the  two-way 
minor  street-  by  12  pen-em.  Thus,  the  minor 
streets  that  were  benefited  most  were  those  al 
locations  when'  the  major  street  benefited 
least  by  a  change  in  its  directional  operation. 
The  cross  streets  with  one-way  traffic 
had  a  greater  capacil  y  than  those  wit  h  t  wo-wa y 
traffic.  The  difference  in  capacity  was  greater 
(24  percent  compared  with  1,5  percent)  when 
the  major  street  was  also  one  way  rather 
than  two  way.  This  difference  in  operation 
did  not,  however,  benefit  the  capacity  of  the 
major  street  when  it  carried  two-way  traffic 
with  parking  on  both  sides  or  one-- way  traffic 
with  no  parking.  One-way  operation  on 
the  cross  streets  was  of  some  benefit  to  the 
major  street  when  it  carried  two-way  traffic 
and  parking  was  eliminated  from  one  or  both 
sides. 

Eliminating  parking  on  the  major  streel 
had  a  far  greater  effect  on  its  capacity  than 
changing  from  two-way  to  one-way  opera- 
tion. The  elimination  of  parking  from  both 
sides  of  the  major  street  nearly  doubled  its 
capacity — an  increase  of  97  percent  at  inter- 
sections with  one-way  minor  streets.  At 
intersections  with  two-way  minor  streets, 
the  increase  was  75  percent.  Eliminating 
parking  on  one  side  of  the  major  street  had 
about  half  the  effect  of  eliminating  parking 
on  both  sides. 

It  should  also  be  pointed  out  that  pro- 
gressive movement,  which  reduces  travel 
time,  is  usually  more  easily  attained  on  a  on< 
way  than  on  a  two-way  street.  This  is  an 
additional  and  very  important  advantage  of 
one-way  operation. 

Stop-Sign   Control  on   Cross  Streets 

All  cross  streets  were  operating  at  their 
possible  capacities  during  the  rush  period  on 
the  day  that  stop  signs  were  used  only  on  the 


Table  5. — Traffic  volumes  and  delay  per  vehicle  with  stop-sign  control  at  approaehes  to 
13th  Street  and  no  control  on  13th  Street 


Location 

Period 

of  study  i 

Average  for  study 

Average 

for  peak  10-minute 
pei  od 

Traffic  volume 

Delay 
per 

vehicle 

on  cross 

■  treet 

Traffic  volume 

Delay 
per 

vehicle 

on  cross 

streel 

Cross 
street 

13th 
Street 

Cross 
street 

13th 
Street 

Cross  Streets  Carrying  Two-Way  Traffic 

13th  Street,  two  way: 

Minutes 

32 
32 
38 
38 

60 

60 
GO 
60 

V.p.h. 

272 
248 
207 
111 

322 

228 
245 
143 

V.p.h. 

1,140 

1,110 
1,265 
1,265 

1,658 
1,658 
2,172 
1,927 

Minutes 

0.34 
.48 
.41 
.46 

2.89 
.51 
1.67 

.80 

V.pX 

336 

234 
114 

166 
276 
318 
168 

V.p.h. 

1,128 
1,140 
1,236 
1,236 

1,950 
1,746 
3. 12G 
2,490 

Minules 

0.43 
.61 
.16 

71 

3.21 

.71 
1.25 

.71 

Park  Rd.,  westbound 

Irving  St. ,  westbound-  

13th  Street,  one  way: 

Irving  St.,  westbound 

Cross  St 

reets  Carrying  One-Way  Traffic 

13th  Street,  two  way: 

40 
34 

60 
60 

491 
434 

572 
744 

1,270 
1,200 

1,915 
1,785 

0.59 
.63 

92 

570 
462 

882 

1,260 
1,152 

1,866 
2,070 

0.63 

.  71 

1   7s 
.64 

13th  Street,  one  way: 

i  Where  studies  exceeded  1  hour,  data  for  the  1-hour  period 
of  maximum  traffic  flow  were  used.    Studies  of  less  than  an 


hour  were  for  the  periods  immediately  preceding  the  change 
to  one-way  operation  on  13th  Street, 
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Figure  5. — Delay  to  traffic  on  cross  streets  controlled  by  stop  signs  and  with  no  control  on 

13th  Street. 


cross  s(  reets.  Long  queues  of  wail  ing  vehicles 
developed,  and  occasionally  it  was  necessary 
for  a  police  officer  to  clear  the  backup  on  the 
cross  streets.  Vehicles  on  the  cross  streets 
were  aided  somewhat  by  the  signals  at  inter- 
sections on  the  through  street  north  and  south 
of  the  study  area  which  caused  gaps  in  traffic 
on    J 3th    Street. 

Table  5  shows  the  observed  traffic  volumes 
and  the  delays  to  traffic  on  the  cross  streets 
at  the  intersections  studied.  Volumes  and 
delays  are  listed  for  the  1-hour  and  for  the 
10-minute  periods  of  heaviest  cross-street 
traffic  while  13th  Street  was  one  way  and 
also  while  it  was  two  way. 

Similar  information  was  obtained  for  all 
10-minute  periods  during  the  studies,  and  the 
average  delays  to  cross-street  traffic  were 
con i pared  for  various  traffic  volumes  on  the 
cross  streets  and  on  13th  Street.  As  was 
expected,  the  delay  to  cross-street  traffic  was 
found  to  increase  with  an  increase  in  the  total 
traffic  volume  on  13th  Street  as  well  as  with 
an  increase  in  the  total  cross-street  traffic. 
A  less  expected  finding  was  that  the  delay  to 
cross-street  traffic  was  independent  of  the 
directional  usage  of  either  13th  Street  or  the 
cross  street.  Consequently,  the  delay  to 
cross-street  traffic  when  controlled  by  stop 
signs  can  be  shown  on  one  graph  representing 
both  two-way  and  one-way  operation  on  both 
of  the  intersecting  streets.  This  lias  been 
done  in  figure  5. 

The  two  lower  curves  of  figure  5  show  the 
combinations  of  sustained  through-street 
and  stop-street  traffic  volumes  which  pro- 
duced average  delays  to  cross-street  traffic  of 
30  seconds  and  of  1  minute  per  vehicle.  The 
total  traffic  volume  on  13th  Street  is  shown 
on  the  horizontal  axis,   and  the  total  traffic 
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volume  on  the  cross  street  is  shown  on  the 
vertical  axis.  For  example,  a  cross  flow7  of 
about  600  vehicles  per  hour  can  be  accom- 
modated with  an  average  delay  of  1  minute 
when  the  total  traffic  volume  on  13th  Street 
is  1,600  vehicles  per  hour.  Combinations  of 
volumes  which  lasted  for  only  short  periods 
sometimes  caused  delays  much  longer  or 
shorter  than  those  indicated  by  the  curves. 
If  the  volumes  were  sustained  for  20  or  30 
minutes,  however,  the  delays  were  as  indi- 
cated by  the  curves. 

The  third  curve  in  figure  5  shows  the 
maximum  volumes  that  the  cross  streets  can 
accommodate  with  various  volumes  on  13th 
Street.  The  delay  accompanying  these  vol- 
umes was  at  least  2  minutes  and  for  any  given 
combination  of  volumes  might  have  been 
several  minutes.  Once  the  traffic  volumes  on 
the  cross  street  and  on  13th  Street  became 
sufficiently  great  to  cause  a  delay  of  2  minutes, 
the  delay  could  increase  to  several  minutes 
within  a  short  period  of  time  with  no  change 
in  the  traffic  volumes.  This  curve  therefore 
represents  the  traffic  volumes  for  all  delays 
above  2  minutes.  It  thus  represents  the 
possible  capacities  of  the  cross  streets  when 
controlled  by  stop  signs  and  with  no  control 
on  13th  Street. 

Volumes  which  cause  a  30-second  delay 
can  be  exceeded  by  as  much  as  100  percent 
without  increasing  the  delay  to  more  than 
1  minute.  Volumes  which  result  in  a  1- 
unnute  average  delay,  however,  can  only  be 
exceeded  by  about  10  percent  without  increas- 
ing the  delay  to  more  than  2  minutes. 

The  small  difference  between  the  volumes 
shown  for  the  curve  representing  a  1 -minute 
delay  and  the  curve  representing  a  delay  in 
excess   of  2   minutes  indicates   that  at  these 


intersections  the  critical  volumes  are  those 
producing  a  delay  of  between  1  and  2  minutes 
per  vehicle  to  cross-street  traffic. 

The  volume  combinations  indicated  by  the 
30-second  delay  curve  fit  the  usual  definition 
of  practical  capacity  for  the  prevailing  road- 
way and  traffic  conditions  since  greater  delaj' 
and  restriction  to  movement  would  appear 
unreasonable  to  most  drivers.  With  the 
normal  setting  of  the  signals,  average  delays 
of  30  seconds  or  more  to  minor-street  traffic 
were  infrequent  even  at  the  highest  volumes 
observed.  In  another  study  it-  was  found 
that  drivers  are  unwilling  to  accept  longer 
delays  at  stop  signs  than  at  signals.4  It  is 
concluded  that  the  practical  capacity  of  the 
cross  street  when  controlled  by  stop  signs 
with  no  control  on  the  through  street  is 
represented  by  the  curve  for  an  average  delay 
of  30  seconds. 

Stop  signs  compared  with  signals 

Figure  6  shows  the  possible  and  practical 
capacities  of  the  cross  streets  with  stop-sign 
control  on  these  streets  and  the  possible 
capacities  with  signal  control.  The  curves  for 
stop-sign  control  represent  both  one-way  and 
two-way  operation  and  are  based  on  the  delay 
to  cross-street  traffic.  With  stop  signs  on  the 
cross  streets,  13th  Street  could  undoubtedly 
carry  as  much  traffic  as  with  signals  but  not 
without  an  unreasonable  delay  to  cross-street 
traffic. 

For  the  signals,  separate  curves  are  shown 
for  one-way  and  two-way  operation,  but 
separate  curves  are  not  shown  for  possible 
and  practical  capacities.  With  the  progres- 
sive signal  control  there  was  no  appreciable 
increase  in  the  delay  to  traffic  as  the  traffic 
increased  from  comparatively  low  volumes  to 
those  at  possible  capacity.  Thus  it  was  not 
feasible  to  establish  a  value  for  practical 
capacity  with  progressive  signal  control  on  the 
basis  of  delay  to  traffic.  For  the  purpose  of 
comparing  the  three  different  types  of  control 
on  the  basis  of  a  tolerable  delay  to  traffic,  the 
curves  for  practical  capacity  with  stop-sign 
control  should  be  compared  directly  with  the 
possible  capacity  curves  for  signal  control. 

It  may  be  noted  that  the  curves  for  signal 
control  intersect  the  X  axis  and  the  Y  axis 
at  values  below  those  given  in  the  last  column 
of  tables  2  and  3.  This  is  because  the  amber 
time  in  each  cycle  was  not  included  in  the 
green  time  when  calculating  the  traffic  vol- 
umes for  the  signal-control  curves. 

From  figure  6  it  may  be  seen  that  both  the 
possible  and  the  practical  capacities  of  the 
cross  streets  are  much  lower  with  stop-sign 
control  than  with  signal  control.  This  is 
especially  true  with  one-way  operation  on 
both  streets.  Even  with  volumes  as  low  as 
1,000  vehicles  per  hour  on  13th  Street  and 
with  two-way  traffic  on  both  streets,  the 
possible  capacity  of  the  cross  streets  with  stop 
signs  was  about  one-half  the  capacity  with 
signal  control.  With  one-way  traffic  and  at 
other  volumes  on  13th  Street,  the  difference 
was  even  greater. 


4  Effects  of  reversible  lane  movement  signalization  of  three- 
lane  highways,  by  M.  Mansfield  Todd.  Proceedings  of  the 
Highway  Research  Board,  vol.  30,  1950,  pp.  346-354. 
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Figure  6. — Capacities  for  two  types  of  intersection  control. 


At  all  traffic  volumes  there  was  practically 
no  delay  on  the  through  street  when  stop 
signs  were  used  to  control  traffic  on  the  cross 
streets.  Cross-street  traffic  experienced  some 
delay  even  at  the  lower  volumes,  however, 
and  this  delay  increased  rapidly  as  the  volume 
increased.  With  signal  control  both  13th 
Street  traffic  and  cross-street  traffic  experi- 
enced some  delay,  yet  this  delay  at  all  observed 
volumes  was  never  greater  for  the  cross  streets 
than  the  delay  with  stop  signs.  The  delay 
with  signals  was  small  as  a  result  of  the  well- 
coordinated  progressive  system  operating  on 
the  cross  streets  as  well  as  on  13th  Street. 

While  the  difference  in  delay  with  stop  signs 
and  with  signals  was  small  at  low  volumes,  it 
became  very  large  at  the  higher  volumes.  For 
example,  when  the  traffic  volume  on  the 
through  street  approached  3,000  vehicles  per 
hour,  the  delay  to  traffic  on  the  cross  street 
varied  from  1}4  to  6  minutes  per  vehicle  with 
stop  signs  on  the  cross  street,  compared  with  20 
to  40  seconds  per  vehicle  with  signals.  At  a 
volume  of  1,800  vehicles  per  hour  on  the 
through  street  and  a  cross-street  volume  of 
about  250  vehicles  per  hour,  the  average  delay 
to  all  traffic  on  both  streets  was  10  seconds  per 
vehicle  with  cross-street  traffic  controlled  by 
stop  signs  and  also  when  traffic  was  con- 
trolled by  signals.  At  lower  volumes  the  de- 
lays were  only  slightly  less  and  were  about 
equal  for  both  types  of  control.  At  volumes 
above  1,800  vehicles  per  hour  on  the  through 
street,  the  average  delay  to  all  traffic  was 
greater  with  stop-sign  control  on  the  cross 
streets  than  with  signal  control. 

Traffic  on  the  through  street  was  protected 
by  stop  signs  on  the  cross  streets,  and  had  it 
not  been  impeded  at  other  intersections  along 
the  route,  the  volume  of  traffic  could  theoreti- 
cally have  increased  to  7,000  vehicles  per  hour. 
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This  type  of  control  is  not  feasible,  however, 
for  such  heavy  traffic  volumes  on  the  through 
street  because  cross  traffic  is  almost  com- 
pletely blocked. 

When  an  intersection  at  which  traffic  on  one 
of  the  streets  is  controlled  by  stop  signs  is 
adjacent  to  an  intersection  where  traffic  on  t  he 
through  street  is  controlled  by  signals,  the 
capacity  of  the  cross  street  is  somewhat  greater 
than  it  would  be  if  there  were  no  traffic  signals 
in  the  immediate  vicinity.  The  signal  at  the 
neighboring  intersection  creates  gaps  in  the 
stream  of  traffic  on  the  through  street  into 
which  vehicles  waiting  at  the  stop  sign  may 
enter.  At  such  locations  traffic  volumes 
greater  than  those  indicated  by  the  curves  in 
figure  (i  could  probably  be  discharged  from 
cross  streets  controlled  by  stop  signs. 

The  traffic  volumes  observed  in  this  study 
are  evidently  too  great  to  be  handled  satis- 
factorily at  intersections  controlled  by  stop 
signs  on  the  cross  street.  Even  with  moder- 
ately heavy  volumes  on  the  cross  streets,  this 
traffic  was  delayed  as  much  or  more  by  stop 
signs  than  by  signals.  At  the  higher  volumes 
the  delay  with  stop  signs  definitely  became 
intolerable  to  cross-street  traffic,  although 
through  traffic  was  completely  unrestricted. 

Stoji-Sign  Control  on  All  Approaches 

When  stop  signs  were  used  on  all  approaches 
to  the  three  intersections  studied  with  this 
type  of  control,  they  were  installed  on  the 
near  side  as  well  as  the  far  side  of  the  inter- 
sections, and  advance  warning  signs  were 
erected.  On  the  one-way  streets,  signs  were 
mounted  on  the  left  as  well  as  the  right-hand 
side  of  the  street.  Even  under  these  condi- 
tions, it  was  necessary  to  discontinue  the 
studies  when   the  traffic  volume  readied   the 


practical  capacity  of  the  intersections.     The 

study  had  to  be  terminated  after  13th  Streel 
had  been  operating  one  way  for  little  mon 
than  an  hour  and  before  the  height  of  the 
afternoon  rush  was  reached.  The  frequency 
with  which  a  police  officer  was  required  to 
regulate  the  various  movements  immediately 
before  the  study  was  terminated  made  it 
apparent  that  the  practical  capacities  of  the 
intersections  for  this  type  of  control  were 
reached. 

Table  6  shows  traffic  volumes  for  the  heav- 
iest hour  and  for  the  heaviest  10-minute  period 
of  the  study  with  stop  signs  on  all  intersection 
approaches.  For  each  intersection,  the  vol- 
umes are  shown  separately  for  13th  Street, 
and  for  the  intersecting  or  cross  street,  and  the 
combined  total  for  the  two  is  shown  in  the 
column,  "Total  for  intersection."  The  average 
delay  per  vehicle  during  the  period  when  the 
particular  volume  occurred  is  also  shown  in 
table  G.  The  peak  volume  on  13th  Street  did 
not  always  occur  during  the  same  time  period 
as  that  for  the  cross  street,  and  for  this  reason 
each  intersection  i-  listed  twice  in  the  table. 
The  volumes  for  the  cross  streets  as  shown  in 
the  upper  portion  of  the  table  are  those  ob- 
served during  the  period  wiien  13th  Streel 
was  carrying  its  peak  load.  In  the  lower  por- 
tion of  the   table   1  he   volumes  shown   for    13th 

i    are    those    observed    when    the    cross 

streets   were   at    a   peak. 

The  highest  10-minute  volume  was  observed 
at  the  intersect  ion  of  131  h  St  reef  and  Columbia 
Road,  with  13th  Streel  operating  as  a  one-way 

street  northbound  and  Columbia  Road,  one- 
way westbound.  The  rate  of  How  on  13th 
Street  during  this  period  was  2,280  vehicles 
per  hour,  while  the  rate  on  Columbia  Road 
during  the  same  period  was  762  vehicles  per 
hour.      The  total  volume  for  the  intersection. 
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Table  6. — Traffic  volumes  and  delay  per  vehicle  with  stop-sign  control  on  all  approaches 


Location 

1-hour  period 

10-minute  period 

13th 

Street 

Cross 
streets 

Total  for 
intersection 

13th 
Street 

Cross 
streets 

Total  for 
intersection 

Traffic 
volume 

Average 
delay 

Traffic 
volume 

Average 
delay 

Traffic 
volume 

Average 
delay 

Traffic 
volume 

Average 
delay 

Traffic 
volume 

Average 
delay 

Traffic 
volume 

Average 
delay 

During  Peak  Volume  On  13th  Street  ' 

13th  Street,  two  way: 

At  Park  Road                                  

V.  p.  h. 

1,231 

1,400 
1,389 

1,502 
1,615 
1,481 

Minutes 

0.44 
.41 

.49 

.23 
.31 
.38 

V.  p.  h. 

512 
567 
492 

691 
668 
653 

Minutes 

0.54 
.27 
.47 

.80 
.42 
.60 

V.  p.  h. 

1,743 
1,967 
1,881 

2,193 
2,283 
2,134 

Minutes 

0.47 
.37 

.48 

.41 
.34 

.45 

V.  p.  h. 

1,476 
1,602 
1,542 

1,794 
2,280 
1,890 

Minutes 

0.31 
.49 
.47 

.25 
.43 
.26 

V.  p.  h. 

642 

480 
594 

810 
762 
696 

Minutes 

0.39 
.28 

.42 

1.05 
.52 
.86 

V.  p.  h. 

2,118 
2,082 
2,136 

2,604 
3,042 
2,586 

Minutes 

0.33 
.44 
.46 

.50 
.45 
.42 

13th  Street,  one  way: 

At  Park  Road        . -  -- 

During  Peak  Volume  on  Two- Way  Cross  Street 

13th  Street,  two  way: 

1,147 
1,502 

0.35 
.23 

565 
691 

0.54 
.80 

1,712 
2,193 

0.41 
.41 

1,476 
1,794 

0.31 
.25 

642 
810 

0.39 
1.05 

2,118 

2,604 

0.33 

.50 

13th  Street,  one  way: 

During  Peak  Volumes  on  One-Way  Cross  Streets 

13th  Street,  two  way: 

1,400 
1,387 

1,615 
1,481 

0.41 
.53 

.31 
.38 

567 
495 

668 
653 

0.27 
.49 

.42 
.60 

1,967 
1,882 

2,283 
2,134 

0.37 
.52 

.34 
.45 

1,314 
1,530 

1,968 
1,818 

0.36 
.41 

.45 
.25 

684 
600 

822 
858 

0.37 
.36 

.70 
.45 

1,998 
2,130 

2,790 
2,676 

0.36 

.40 

.52 
.31 

13th  Street,  one  way: 

secti 


1  Parking  permitted  on  one  side  of  13th  Street  during  two-way  operation;  parking  prohibited  during  one-way  operation. 


3,042  vehicles  per  hour,  is  equivalent  to  an 
average  of  507  vehicles  per  lane  per  hour  for 
all  lanes  entering  the  intersection.  The  ac- 
companying delay  averaged  31  seconds  per 
vehicle  to  traffic  on  the  cross  street  and  26 
seconds  per  vehicle  to  traffic  on  the  through 
street.  This  is  very  close  to  the  delay  of  30 
seconds  which  was  used  as  the  criterion  for 
practical  capacity  with  stop-sign  control  on 
the    cross    streets.     It    seems    reasonable    to 


assume  that  most  drivers  would  consider  a 
delay  greater  than  this  intolerable  at  an  all- 
way  stop  intersection  just  as  they  do  at  a 
cross  street  with  stop  signs. 

During  the  10-minute  periods  of  maximum 
traffic  flow  reported  in  table  6,  it  is  noteworthy 
that  the  average  volume  per  lane,  including 
all  approaches,  was  usually  between  400  and 
500  vehicles  per  hour.  Most  of  the  average 
delays  to  cross-street  traffic  observed  during 


these  same  periods  vary  between  21  and  52 
seconds.  This  indicates  that  the  traffic  load 
was  between  the  practical  and  possible  ca- 
pacities of  the  intersections.  It  seems  reason- 
able to  assume  that  somewhat  higher  volumes 
might  be  carried  with  no  increases  in  delay 
after  a  period  of  familiarization  for  the  drivers. 
The  practical  capacity  of  these  intersections 
with  stop-sign  control  on  all  approaches  and 
under  the  other  existing  conditions  is  therefore 
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somewhere  near  500  vehicles  per  hour  for 
each  lane  used  by  traffic  entering  the  inter- 
section. This  capacity  is  based  on  a  reason- 
able traffic  delay  but  does  not  take  into 
consideration  pedestrian  delays  or  accident 
hazards  which  would  probably  tend  to  reduce 
the  500  figure  to  a  somewhat  lower  value. 
The  few  pedestrians  at  the  intersections 
studied  experienced  long  delays  in  crossing 
the  streets  even  at  moderate  volumes. 

Practical  capacity  for  all-way  stop  control 
is  compared  with  the  capacities  determined 
for  the  other  types  of  control  in  figure  7. 
This  shows  that  under  the  traffic  conditions 
prevailing  at  these  intersections  the  capacity 
with  all-way  stop  control  is  greater  than  with 
cross-street  stop-sign  control  and  less  than 
with  signal  control.     As  previously  stated,  the 


capacities  with  stop  signs  on  the  cross  streets 
are  limited  to  those  that  permit  a  reasonable 
movement  of  the  cross-street  traffic. 

At  intersections  where  both  streets  are  two 
way,  the  practical  capacity  with  four-way  stop 
signs  approaches  the  capacity  with  signals. 
The  capacity  with  signals  is  much  greater, 
however,  than  with  stop  signs  on  all  approaches 
when  both  streets  are  one  way. 

The  delay  to  traffic  was  compared  for  the 
three  types  of  control.  At  the  traffic  volumes 
observed,  the  delay  to  all  traffic  was  found  to  be 
more  with  stop  signs  on  all  approaches  than 
with  signal  control.  Also,  when  the  volume 
on  the  through  street  was  below  1,800 
vehicles  per  hour,  stop  signs  on  all  approaches 
resulted  in  a  greater  average  delay  to  all 
traffic  than  did  stop  signs  on  the  cross  streets. 


When  the  volume  on  the  through  street  was 
greater  than  1,800  vehicles  per  hour,  the 
average  delay  to  all  traffic  was  less  with  stop 
signs  on  all  approaches  than  with  stop  signs 
on  the  cross  streets. 

An  analysis  of  the  delays  shown  in  tal 
and  6  indicates  that  the  delay  to  cross-street 
traffic  is  far  less  when  stop  signs  are  used  on 
all  approaches  than  when  used  on  the  cross 
street  only.  An  examination  of  other  data 
obtained  for  lower  traffic  volumes  shows  this 
also  to  be  the  case  for  the  lower  volumes. 
The  cross-street  volumes  in  one  direction 
during  this  study  were  never  below  100 
vehicles  per  hour.  For  cross-street  volumes 
lower  than  this  figure  the  relation  between 
delay  and  type  of  stop-sign  control  might  be 
quite  different  from  that  found  in  this  study. 
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Use  of  the  Kelly  Ball  as  a  Device  for 

Measuring  the  Consistency  of  Concrete 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
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Reported  by  WILLIAM   E.   GRIEB  and  ROBERT  A.   MARR,  JR. 

Highway  Physical  Research  Engineers 


The  Kelly  ball  test  is  a  simple  field  method 
for  determining  the  eonsistency  of  plasli<- 
concrete.  It  is  made  by  measuring  the 
penetration  of  a  30-pound,  metal  "ball" 
into  the  surface  of  the  concrete.  This  lesl 
can  be  made  on  the  concrete  in  place  which 
results  in  a  considerable  savings  in  time 
and  effort  compared  with  the  slump  test. 
The  data  reported  in  this  article  show  good 
correlation  betiveen  the  slump  and  Kelly 
ball  penetration  tests. 


THE  American  Society  for  Testing  Ma- 
terials standard  slump  test  '  has  been 
used  for  many  years  as  a  measure  of  the  con- 
sistency of  fresh  concrete  in  the  laboratory 
and  on  the  job.  As  a  laboratory  procedure 
it  is  reasonably  satisfactory.  In  the  field, 
especially  on  paving  work,  it  has  several  dis- 
advantages and  the  most  serious  of  these  is 
the  time  required  to  make  the  test.  Others 
are  the  necessity  for  careful  selection  of  samples 
and  the  close  attention  to  details  of  the 
technique  required  to  obtain  reasonably 
accurate  results. 

Realizing  the  disadvantages  of  the  slum]) 
test  as  a  field  control  method,  Prof.  J.  YV. 
Kelly  of  the  Department  of  Civil  Engineering, 
University  of  California,  developed  a  penetra- 
tion device  that  is  rugged  and  portable. 
This  test  was  recently  made  ASTM  Tentative 
Standard  C  360-55T. 

Professors  Kelly  and  Polivka  of  the  Uni- 
versity of  California  gave  the  following  account 
of  the  development  of  this  test  in  an  article 
published  recently.2 

The  test  was  developed  in  the  En- 
gineering Materials  Laboratory  of  the 
University  of  California  at  Berkeley 
as  an  outgrowth  of  an  attempt  to 
devise  a  simple  (est  for  workability  of 


1  Standard  method  of  test  for  slump  of  portland-cement  con- 
crete, ASTM  Designation:  C  143-52.  ASTM  Standards, 
1952,  Part  3,  pp.  1086-1087. 

•  Ball  test  for  field  control  of  concrete  consistency,  by  J.  W. 
Kelly  and  Milos  Polivka.  Journal  of  the  American  Concrete 
Institute,  May  1955,  vol.  '_>(;,  No.  <i,  ,,,,.  ssl   WW. 
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Figure  1. — Sketch  of  the  Kelly  ball  apparatus  used  for  measuring  the  eonsistency 

of  concrete. 
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concrete.  Workability  is  an  elusive 
property,  and  early  trials  with  vari- 
ous balls  showed  little  correlation 
with  the  more  elaborate  tests  in 
laboratory  use.  However,  it  was  ob- 
served that  static  ball  penetration 
correlated  rather  well  with  slump  and 
it  became  apparent  that  the  penetra- 
tion test  measured  some  property 
similar  to  slump — a  property  which 
had  been  termed  "consistency"  but 
which  is  now  called  merely  "slump" 
in  ASTM  C  143.  It  is  the  significant 
property  which  is  measurable  in  the 
field  for  practical  purposes. 

A  6-inch  ball  was  considered  to  be 
the  smallest  that  would  integrate  the 
resistance  to  penetration  over  several 
pieces  of  aggregate,  and  a  30-pound 
weight  was  found  to  be  the  lightest 
that    would    penetrate   reproducibly 


the  stiffest  mixes  of  plastic  concrete. 
This  combination  of  area  (or  dis- 
placed volume)  and  force  has  been 
found  applicable  even  to  harsh  con- 
crete containing  2^-inch  aggregate 
and  having  a  nominal  slump,  when 
wet-screened,  of  \%  inches.  The  ap- 
paratus has  also  been  used  on  mass 
concrete  containing  0  to  6-inch 
crushed  aggregate  by  making  the 
penetration  test  only  on  areas  which 
had  been  found  by  probing  to  be  free 
from  the  larger  pieces  of  aggregate. 
A  20-pound  weight  on  a  6-inch  ball 
has  sometimes  been  used  for  light- 
weight concrete. 

Penetration  tests  have  been  devel- 
oped independently  in  other  coun- 
tries. A  static  test  used  in  Spain 
employs  a  weight  on  a  spherical  tip 
and  having  a  flared  edge  so  that  the 


Figure  2. — Sketch  of  the  Kelly  ball  apparatus  after  moflification  by  the  Bureau  of  Public 

Roads. 


plunger  will  not  sink  too  deep  into 
wet  concrete.  The  German  Com- 
mittee on  Reinforced  Concrete  has 
adopted  an  impact  test  suitable  for 
stiff  mixes  or  mixes  of  low  cement 
content;  it  consists  in  dropping  a  33- 
pound  plunger  having  a  4-inch  hemi- 
spherical tip  8  inches  onto  the  sur- 
face. In  England,  the  Wigmore  con- 
meter  employs  a  metal  ball  set 
"ii  the  surface  of  a  concrete  sample 
which  is  vibrated  on  a  table. 
***** 

The  static  ball  test  was  introduced 
to  field  use  by  E.  L.  Howard,  testing 
engineer,  Pacific  Coast  Aggregates, 
Inc.,  San  Francisco.  His  experience 
with  the  variety  of  mixes  used  in 
ready-mixed  concrete  was  so  success- 
ful that  it  encouraged  the  authors  to 
report  the  test  to  ASTM  Committee 
('-'.!  al  its  San  Francisco  meeting  in 
1949.  Mr.  Howard  has  continue. 1 
to  contribute  to  its  field  develop- 
ment, and  is  convinced  that  it  will 
eventually  replace  the  slump  test. 

Many  other  organizations  have 
adopted  the  ball  test,  and  hundreds 
of  balls  are  in  use  throughout  the 
country.  The  California  Division  of 
Highways  has  adopted  it  as  a  stand- 
ard for  field  use  on  pavement  con- 
struction. At  least  two  other  State 
highway  departments — North  Caro- 
lina and  Colorado — are  using  it  ex- 
tensively. The  Waterways  Experi- 
ment Station,  Concrete  Division, 
n  U.  S.  Army  Corps  of  Engineers,  has 
adopted  it  as  an  alternative  standard. 

Kelly  Ball  Apparatus 

The  apparatus  is  popularly  known  as  the 
"Kelly  ball."  It  is  made  by  machining  into 
a  hemisphere,  one  end  of  a  solid  right  cylinder 
6  inches  in  diameter  and  4$i  inches  in  height. 
It  is  fitted  with  a  graduated  vertical  rod 
inch  in  diameter  which  serves  as  a  measuring 
scale  and  a  handle.  The  vertical  portion  of 
the  rod  is  graduated  in  J^-inch  units  with  each 
inch  numbered.  The  ball  is  guided  by  a 
stirrup  or  frame  which  also  serves  as  a  refer- 
ence line  in  measuring  penetration  of  the  ball 
into  the  plastic  concrete.  The  zero  on  the 
graduated  handle  coincides  with  the  top  of  the 
frame  when  the  apparatus  rests  on  a  level 
rigid  surface.  The  weight  of  the  ball  and 
handle  is  30  pounds.  A  sketch  of  the  original 
apparatus  is  shown  in  figure  1. 

Modification  of  the  Kelly  Kail 

The  Kelly  ball  equipment  used  by  the 
Bureau  of  Public  Roads  differs  from  the 
original  in  the  following  details: 

To  prevent  the  reference  frame  from  tilting, 
the  bearing  area  of  each  foot  of  the  frame 
(originally  specified  as  I1:  square  inches)  was 
increased  by  the  addition  of  semicircular 
bearing  plates  of  5-inch  diameter  (area  approx- 
imately 9%  square  inches) .  The  clear  distance 
between  the  feet  was  maintained  at  9  inches 
as    originally    specified     (see    fig.     2).     This 
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Figure  3. — Kelly  ball  penetration  lest  being 
performed  under  field  conditions. 


change   is   included  in  the  ASTM  Tentative 
Method  C  360-55T. 

To  facilitate  reading  the  depth  of  pene- 
tration of  the  ball,  a  vertically  movable  pinch 
clamp  was  fastened  to  the  graduated  handle. 
This  is  clamped  at  the  top  of  the  handle 
before  making  the  test  and  is  lowered  to  make 
contact  with  the  top  of  the  frame  after  the 
ball  has  penetrated  the  surface  of  the  con- 
crete. The  apparatus  is  then  removed  from 
the  concrete  and  the  penetration  reading  is 
made  by  reading  the  position  of  the  clamp 
on  the  rod.  This  makes  the  test  procedure 
more  convenient  for  the  operator  and  avoids 
any  possible  delay  in  the  concreting  operation. 

Use  of  the  Kelly  Ball 

Plastic  concrete  can  be  tested  with  the 
Kelly  ball  after  placement  in  the  forms  and 
prior  to  any  manipulation,  or  in  suitable 
containers  such  as  tubs,  pans,  wheelbarrows, 
or  buggies. 

In  making  the  test,  the  surface  of  the  con- 
crete is  smoothed  and  leveled  quickly  by  the 
use  of  a  small  wooden  float  or  screed.  The 
surface  is  worked  as  little  as  possible  to  avoid 
formation  of  a  mortar  layer.  During  the 
test,  the  adjacent  concrete  should  not  be 
vibrated,  jarred,  or  agitated. 

The  ball  is  held  vertically  by  the  handle  in 
very  light  contact  with  the  leveled  concrete 
surface  and  with  the  zero  on  the  rod  coincident 
with  the  top  of  the  frame.  The  handle  is 
then  released  and  the  depth  of  penetration  of 
the  ball  into  the  concrete  is  estimated  on  the 
graduated  rod  to  the  nearest  0.1  inch  (see  fig. 
3).  A  minimum  of  three  readings  should  be 
taken  from  a  batch  or  location.  No  correction 
is  made  for  any  slight  settlement  of  the  feet 
•  if  the  frame.  The  test  requires  less  than 
mute  to  perform,  which  allows  the  oper- 
ator sufficient  time  to  work  where  the  con- 
crete is  being  discharged  from  the  mixer 
without  delaying  the  placing  and  finishing 
operations. 

Experience  has  indicated  that  the  minimum 
depth  of  concrete  tested  should  be  6  inches  for 
a  maximum  size  of  coarse  aggregate  of  2 
inches  or  less.     When  larger  coarse  aggregate 
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is  used,  the  minimum  depth  should  be  three 
times  the  nominal  maximum  size  of  coarse 
aggregate.  When  testing  concrete  placed  in- 
side forms  as  in  piers,  walls,  etc.,  a  minimum 
horizontal  distance  of  9  inches  from  the  face 
of  the  form  to  the  point  tested  should  be 
maintained  to  avoid  boundary  effects.  For 
concrete  discharged  on  the  subgrade  in  pave- 
ment work,  no  test  should  be  made  nearer 
than  9  inches  to  the  form  edge  of  the  leveled 
surface  of  the  concrete.  For  a  second  test  in 
the  same  batch  of  concrete,  the  foot  of  the 
stirrup  should  be  at  least  6  inches  from  the 
point  where  the  foot  rested  in  the  first  test. 

Field  Tests 

A  limited  number  of  tests  were  made  on 
several  paving  projects  to  correlate  Kelly  ball 
penetration  readings  with  the  corresponding 
slumps.  The  concrete  used  on  the  first  of 
these  projects  contained  6}i  sacks  of  cement 
per  cubic  yard,  2-inch  maximum  size  gravel, 
and  about  5  percent  air.  Batches  were 
selected  so  that  tests  could  be  made  without 
delaying  the  progress  of  the  work,  and  so  that 
some  adjustments  could  be  made  in  the  water 
content  and  consistency  of  the  batches.  The 
concrete  was  discharged  on  the  subgrade  in  a 
pile  8  to  10  inches  in  height.  A  sample  for 
the  slump  test  was  taken  and  thoroughly 
remixed  in  a  pan. 

The  Kelly  ball  penetration  test  was  made 
on  the  concrete  in  place  on  the  subgrade  prior 
to  any  manipulation.  The  top  surface  of  the 
concrete  was  leveled  with  a  wood  float,  the 
apparatus  set  on  that  surface,  and  the  pene- 
tration read.  The  water  content  of  the  con- 
crete was  varied  in  order  to  obtain  a  greater 
range  in  consistency.  Usually  two  or  three 
Kelly  ball  penetration  readings  were  made  for 
comparison  with  the  reading  of  each  slump. 
Test  data  taken  over  a  2-day  period  are  tabu- 


lated in  table  1  and  are  shown  graphically  in 
figure  4  (A).  The  average  penetration  was 
2.4  inches,  the  average  slump  was  3.6  inches, 
and  the  ratio  of  penetration  to  slump  was  1 
to  1.5. 

The  concrete  on  the  second  project  had  the 
same  cement  content  and  the  same  maximum 
size  coarse  aggregate  as  that  on  the  first  proj- 
ect. The  aggregates  were  from  a  different 
source  and  the  concrete  was  mixed  in  a  ready- 
mix  truck.  The  test  data  taken  over  a  7-day 
period  are  tabulated  in  table  1  and  are  shown 
graphically  in  figure  4  (B).  For  this  job  the 
average  penetration  was  2.3  inches  and  the 
average  slump  was  3.2  inches.  The  ratio  of 
penetration  to  slump  was  1  to  1.4. 

The  concrete  in  the  third  project  was 
similar  to  that  in  the  second  project,  but  the 
maximum  size  of  coarse  aggregate  was  1  inch 
instead  of  2  inches.  The  test  data  taken  over 
a  6-day  period  are  tabulated  in  table  1  and 
illustrated  in  figure  4  (C).  The  average 
penetration  and  slump  for  this  job  were  2.3 
and  3.0  inches,  respectively.  The  penetra- 
tion slump  ratio  was  1  to  1.3. 

The  data  in  table  1  and  figure  4  (field  tests) 
show  a  reasonable  correlation  between  Kelly 
ball  penetration  and  slump  readings  for  a 
range  in  slump  of  1  to  5J4  inches.  The  average 
Kelly  ball  reading  multiplied  by  1.4  would 
provide  a  fair  estimate  of  the  corresponding 
slump  for  the  range  indicated  and  materials 
used.  These  limited  data  indicate  that  for  a 
maximum  size  of  coarse  aggregate  of  1  inch 
this  ratio  might  be  reduced  to  1.3. 

Laboratory  Tests 

Slump  tests  and  Kelly  ball  penetration 
readings  were  also  made  on  concrete  mixed 
in  the  laboratory  and  placed  in  steel  forms 
for  the  fabrication  of  slabs  for  structural 
tests     containing     approximately     33     cubic 


Table  1. — Correlation  of  Kelly  ball  penetration   test  and  slump  test  for  consistency 
of  concrete  under  field  conditions  l 


Project  No.  1 

Project  No.  2 

Project  No.  3 

Kelly  ball  penetration 

Slump 
test 

Kelly  ball  penetration 

Slump 
test 

Kelly  ball  penetration 

Slump 
test 

Individual  tests 

Average, 
all  tests 

Individual  tests 

Average, 
all  tests 

Individual  tests 

Average, 
all  tests 

Inches 

1.1,  1.2,  1.2 

1.4,  1,4,  1.1 

1.8,  1.0 

1.4,  1.6 

Inches 
1.2 
1.3 
1.4 
1.5 
1.7 
2.0 

2  3 

2.3 
2.4 
2.4 

2.7 
2.7 
2.8 
2.9 

3.3 
3.4 

3  7 
4.2 

Inches 
2.3 
.7 
1.7 
2.6 
2.3 
3.3 
3.7 

3.9 
3.7 
4.7 
3.7 
4.3 
4.0 
4.7 

4.5 
4.1 
4.4 
5.3 

Inches 
1.6 

Inches 
1.6 
1.6 
1.6 
1.8 
1.8 
1.8 
1.9 

2.0 
2.1 
2.1 
2.2 
2.2 
2.4 
2.4 

2.5 
2.6 
2.6 
2.7 
2.8 
3.4 
3.5 

Inches 
2.7 
2.0 
2.6 
2.4 
2.2 
2.5 
2.8 

3.1 
4  0 
3.0 
2.8 
3.0 
2.8 
3.6 

3.4 
3.4 
3.0 
3.6 
5.5 
4.8 
4.5 

Inches 
1.6 

Inches 
1.6 
1.6 
1.7 
1.8 
1.8 
2.0 
2.0 

2.1 
2.2 
2.2 
2.3 
2.4 
2.8 
2.8 

2.9 
3.2 
3.9 

Inches 
1.8 
1.8 
2.7 
2.2 
2.7 
2.7 
3.4 

2.8 
2.8 
2.5 
2.6 
2.8 
3.3 
3.8 

4.3 
3.8 
4.6 

1.6,  1.6 

1.6,  1.5 

1.6,  1.7 

1.8,  1.6 

1.6,2.1          

1.8,  1.9,  1.8 

2.0,  1.7  

1.7,  1.9,  1.5.... 

2.0 

2.0,  1.6 

2.3,  1.3 

1.9,2.4,  1.8 

2.0,  1.9,  2.2 

2.1,2.2,  2.0 

2.1,  2.4 

2.2,  2.2,  2.4 

2.5,2.6,1.9 

2.3,  2.5 

2.0,  1.8 

1.7,2.2 

2.1 

2.5,  2.4 

2.2,  2.0 

2.3,  2.2 

2.6,  2.8... 

2.7 

2.2,2.2 

2.2,  2.2 

2.4,  2.2 

2.3,  2.5 

2.8 

2.1,  2.8 

2.8,  2.8 

2.7,3.5,2.6 

3.2,3.4 

3.7,3.1 

2.6,2.1 

2.4,  2.6 

3.0,  2.6  ... 

2.8,2.9,3.1 

3.4,  3.0 

2  8,  2  5 

3.7 

3.1,  2.0 

3.8,4.0 . 

4.2,4.7,3.7 

2.5,  2.9 

2.8,  2.9.. 

3.5,  3.3 

3  6,  3  4 

Average  2 

2.4 

3.6 

2.3 

3.2 

2.3 

3.0 

1  Mixture  used  for  project  Nos.  1-2:  2-inch  maximum  size 
gravel,  6!4  sacks  of  cement  per  cubic  yard,  and  5  percent  air 
content.    Same  cement  content  and  air  content  used  for 


project  No.  3;  maximum  size  gravel  was  1  inch. 

'Ratios  of  penetration  to  slump:   project  No.   1,1:1.5; 
project  No.  2,  1:1.4;  and  project  No.  3,  1:1.3. 
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FIELD    TESTS 
PROJECT  NO.  I  -  2"  GRAVEL  PROJECT  NO.  2-  2"  GRAVEL  PROJECT  NO.  3-  l"  GRAVEL 


o 


LABORATORY     TESTS 


lfc"     STONE 


12  3         4 

SLUMP  -  INCHES 


Figure  4. — CorreUition  of  Kelly  bull  penetration  and  slump  tests. 


feet  of  concrete.  The  water  content  was  the 
same  for  all  batches.  The  concrete  was 
non-air-entrained  and  contained  6  sacks  of 
cement  per  cubic  yard  with  crushed-stone 
coarse  aggregate  of  l}£-inch  maximum  size. 
The  results  of  these  tests  are  shown  in  table  2 
and  in  figure  4  (D) .  This  figure  does  not  have 
much  significance  due  to  the  limited  number 
of  tests.  For  these  tests  the  average  slump 
was  1.6  times  the  Kelly  ball  reading. 

Laboratory  tests  were  made  on  concrete 
mixes  using  both  gravel  and  crushed-stone 
coarse  aggregates  of  1^-inch  maximum  size 
and  having  variable  slumps.  The  concrete 
was  non-air-entrained  and  contained  6  sacks 
of  cement  per  cubic  yard     The  water  con- 


tent was  varied  to  produce  slumps  ranging 
from  1  to  6  inches.  The  results  of  these 
tests  are  tabulated  in  table  2  and  are  shown 
graphically  in  figure  4  (E)  for  gravel  and 
figure  4  (F)  for  crushed  stone.  The  ratios  of 
the  average  Kelly  ball  penetration  to  slump 
were  1  to  1.6  for  crushed  stone  and  1  to  1.5 
for  gravel.  These  tests  show  approximately 
the  same  relation  between  the  slump  and 
Kelly  ball  readings  as  were  shown  for  the 
field  tests  where  similar  materials  were  used. 

The  results  of  field  and  laboratory  tests 
discussed  in  this  article  are  in  reasonably  good 
agreement  with  those  obtained  by  other  in- 
vestigators. In  an  extensive  series  of  tests 
conducted  by  the  Concrete  Division,  Water- 


Table  2. — Correlation  of  Kelly  ball  penetration  test  and  slump   test  for  consistency  of 

concrete  under  laboratory  conditions 


Identification 

Fixed  water  content ' 

Varying  water  content 2 

Kelly  ball 
penetration 

Slump 

Mix  No 

1,  stone 

Mix  No. 

2,  gravel 

Kelly  ball 

penetration 

Slump 

Kelly  ball 
penetration 

Slump 

A                                             -  - 

Inches 
1.4 
1.5 
1.5 
1.7 
1.7 
1.7 

1.7 
1.7 
1.7 
2.0 
2.2 

[riches 

Inches 
0.4 
.6 
1.3 

1.5 
1.8 
2.2 

2.8 

Inches 
0.6 
1.2 
1.7 
1.9 
3.0 
3.6 

5.0 

Inches 
0.9 
1.3 
1.5 
2.3 
2.6 
2.9 

3.8 

4.5 

Inches 
1.3 
1.8 
2.5 
3.3 
4.0 
5.0 

5.6 
6.5 

B 

C                   

2.4 
2.5 
3.0 

3.1 

D                   

E         — - 

F                              

G                     

H _._. 

I — - 

J 

K 

1.7 

2.8 

1.5 

2.4 

2.5 

3.8 

'Mixture  used:  1^-inch  maximum  size  crushed  stone, 
and  6  sacks  of  non-air-entrained  concrete  per  cubic  yard. 
Each  value  represents  one  test. 

»  Mixture  used:  lH-inch  maximum  size  coarse  aggregate, 
and  6  sacks  of  non-air-entrained  concrete  per  cubic  yard. 

PUBLIC  ROADS  •  Vol.  28,  No.  12 


Each  value  for  Kelly  ball  penetration  is  an  average  of  6  tests 
and  each  value  for  slump  is  an  average  of  2  tests. 

s  Ratios  of  penetration  to  slump:  for  fixed  water  content, 
1:1.6;  for  varying  water  content,  1:1.6  for  stone  and  1:1.5  for 
gravel. 


ways  Experiment  Station  of  the  U.  S.  Army 
Corps  of  Engineers  at  Jackson,  Miss.,  the 
average  ratio  of  slump  to  penetration  of  1.8 
was  reported  as  compared  with  1.5  and  1.6 
obtained  in  this  study.  Walker  and  Bloem  3 
in  an  unpublished  report  gave  the  average 
ratio  of  slump  to  penetration  of  1.66  for  over 
250  tests. 

Advantages  of  the  Kelly  Ball  Test 

On  any  particular  project  using  specific 
materials,  a  limited  number  of  tests  will  cor- 
relate the  Kelly  ball  readings  with  the  cor- 
responding slump  tests  sufficiently  to  permit 
using  the  Kelly  ball  for  the  control  of  the 
consistency  of  the  concrete  when  a  slump 
range  has  been  specified. 

The  following  comments  are  made  on  the 
Kelly  ball  test  as  a  replacement  for  the  slum]) 
test  for  measuring  the  consistency  and  uni- 
formity of  concrete  in  the  field: 

1.  The  concrete  may  be  tested  in  place,  there- 
fore the  selection  or  preparation  of  a  sample 
is  eliminated. 

2.  Three  or  more  Kelly  ball  tests  can  be  made 
at  a  selected  location  in  less  time  and  will) 
effort  than  is  required  for  one  slump  test. 
Due  to  the  speed  with  which  the  test  can  be 
made,  the  operator  can  work  where  the  con- 
crete is  being  discharged  from  the  mixer  with- 
out delaying  paving  or  finishing  operations. 

3.  Making  the  consistency  test  easier  and 
faster  should  encourage  more  frequent  test- 
ing and  should  be  helpful  in  controlling  the 
uniformity  of  the  concrete. 

•  Stanton  Walker  and  1).  L.  Bloem,  Director  of  Engineer- 
ing and  Assistant   Director  of  Engineering,  respectively, 

National  Sand  and  Gravel  Association  and  National  Ready 
Mixed  Concrete  Association. 
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Figure  5. — Field  carrying  kit  for  Kelly  ball  apparatus. 


4.  The  apparatus  can  be  maintained  in 
usable  condition  between  tests  by  merely 
wiping  with  an  oily  rag. 

5.  The  slump  test  is  not  practical  for  use 
in  testing  concrete  with  a  maximum  size  of 
coarse  aggregate  over  2  inches.  The  Kelly 
ball  penetration  test  may  be  used  on  concrete 
containing  larger  aggregate  if  a  sufficient 
volume  is  available  to  provide  adequate  depth. 


Field  Kit 

For  ease  in  transporting,  the  ball  with  wood 
float  and  a  base  plate  can  be  readily  assembled 
into  a  compact  field  kit  as  shown  in  figure  5. 

The  wooden  float  is  used  to  level  the  con- 
crete at  the  area  to  be  tested.  A  tin  "rag 
can"  provides  a  place  to  keep  oily  cloth  or 
waste  to  wipe  the  ball  clean  after  each  test. 


The  ball  should  not  be  placed  too  near  the 
side  forms  or  the  edge  of  a  pile  of  concrete. 
In  order  to  meet  this  requirement,  the  operator 
frequently  must  place  one  foot  into  the  wet 
concrete.  The  carrying  base  plate  is  designed 
as  a  footboard  to  support  the  weight  of  the 
operator  on  the  plastic  concrete. 

The  apparatus  may  be  built  in  any  machine 
shop.  However,  it  has  been  adopted  as  a 
tentative  standard  by  the  American  Society 
for  Testing  Materials  and  may  be  offered  for 
sale  by  the  leading  instrument  companies. 
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An  Improved  Sulfate  Soundness  Test  for  Aggregates 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  DONALD  O.  WOOLF 
Physical  Research  Engineer 


The  present  sulfate  soundness  test 
method,  AASHO  Method  T  104-46  or  ASTM 
Method  C  88-46T,  permits  in  tests  of  coarse 
aggregate  the  determination  of  six  different 
values  any  one  of  which  may  he  considered 
as  "standard."  Different  laboratories  may 
not  agree  on  the  method  to  he  used  in 
testing  a  given  sample  of  aggregate.  An 
unwarranted  dependence  is  placed  on  the 
results  of  the  test.  To  correct  this  prac- 
tice, it  is  recommended  that  the  method 
be  used  for  the  acceptance  but  not  the 
rejection  of  aggregates,  that  the  sample 
tested  be  restricted  to  one  size  of  coarse  or 
fine  aggregate,  that  the  drying  oven  meet 
requirements  for  performance,  that  the 
loss  for  coarse  aggregate  be  determined 
with  sieves  having  openings  one-half  the 
size  of  those  in  the  original  retaining  sieves, 
and  that  certain  minor  changes  be  made. 
It  is  believed  that  these  changes  will  result 
in  better  agreement  bettveen  laboratories 
conducting  check  tests,  and  that  the  test 
restilt  will  permit  a  reliable  appraisal  of  the 
soundness  of  the  material  under  test. 


ONE  of  the  first  descriptions  in  American 
roadbuilding  literature  of  the  sodium  sul- 
fate soundness  test  for  aggregate  appeared  in 
Bulletin  1216  of  the  TJ.  S.  Department  of 
Agriculture.  In  this  bulletin,  the  tentative 
standard  methods  of  sampling  and  testing 
highway  materials  were  described  as  adopted 
in  1922  by  the  American  Association  of  State 
Highway  Officials.  The  description  of  the 
soundness  test  is  remarkable  in  its  brevity 
and  clearness.     It  reads  as  follows: 

Immerse  10  small  pieces  (total 
weight  about  1,000  grams)  of  the 
rock  in  a  saturated  solution  at  70°  F. 
of  sodium  sulfate  (Na2SQi)  for  20 
hours,  after  which  place  them  for  4 
hours  in  a  drying  oven  maintained  at 
100°  C.  Repeat  the  treatment  five 
times.  Note  the  condition  of  the 
rock  as  to  soundness  at  the  end  of 
the  test.  Samples  which  exhibit 
marked  checking,  cracking,  or  disin- 
tegration shall  be  considered  to  have 
failed  in  this  test. 
With  this  publication,  a  long  program  of 
study  of  the  sodium  sulfate  soundness  test 
began.     Change   after   change   was   made  in 
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the  method  with  a  view  toward  broadening 
it  to  cover  both  fine  and  coarse  aggregate,  and 
to  standardize  it  in  all  its  details.  In  addi- 
tion, some  users  saw  in  the  method  a  chance 
to  develop  an  acceptance  test  of  aggregate 
which  could  be  made  in  a  relatively  shoit  time 
in  comparison  with  that  required  for  a  freezing 
and  thawing  test.  With  little  regard  to  the 
actual  processes  involved  in  the  crystallization 
of  sulfate  salts,  or  of  the  proper  interpretation 
of  the  test  results,  the  use  of  the  test  for  the 
acceptance  or  rejection  of  aggregates  was 
solemnly  indorsed.  Under  pressure  for  a 
quick  decision,  the  highway  testing  engineer 
turned  to  the  sulfate  soundness  test  as  a 
measure  of  the  acceptability  of  aggregates. 
With  further  misunderstanding  of  the  appli- 
cability of  the  method,  requirements  for  the 
loss  in  the  sulfate  soundness  test  were  written 
in  specifications  for  aggregates.  The  use  of 
the  method  and  of  requirements  based  thereon 
was  widely  adopted  by  construction  author- 
ities. 

Laboratories  found  difficulty  in  obtaining 
reproducible  test  results,  or  in  testing  mate- 
rials in  strict  accordance  with  the  require- 
ments of  the  method.  An  attempt  was  made 
to  adjust  the  method  to  permit  the  testing  of 
aggregates  of  various  gradations. 

Recom  tnendations 

With  a  view  toward  securing  a  dependable, 
reproducible  test  method  which  can  be  used 
for  a  rapid  appraisal  of  the  soundness  of  ag- 
gregates, it  is  recommended  that  the  following 
changes  be  made  in  AASHO  Method  T  104- 
46  or  the  similar  ASTM  Method  C  88-46T: 

1.  Revise  the  scope  to  indicate  that  the 
method  is  indicatory  only;  that  it  may  !><■ 
used  for  acceptance  of  material  but  that  re- 
jection should  be  based  on  other  determina- 
tions such  as  freezing  and  thawing  tests, 
inspection  of  ledges  at  the  quarry  (if  the 
material  is  rock),  or  inspection  of  concrete 
prepared  with  the  material. 

2.  Revise  the  requirements  for  the  oven  by 
the  addition  of  performance  determinations. 

3.  Revise  the  requirements  for  the  samples 
to  include  only  the  }£-inch  to  %-inch  size  of 
coarse  aggregate,  and  the  No.  8  to  No.  16 
size  of  fine  aggregate. 

4.  Determine  the  loss  for  coarse  aggregates 
with  the  half-size  (No.  4)  sieve,  but  continue 
the  use  of  the  original  retaining  sieve  for  fine 
aggregates. 


5.  Revise  the  requirements  for  the  mainte- 
nance of  the  solution  to  emphasize  the 
necessity  for  thorough  stirring  and  the 
breaking  of  caked  salt. 

6.  Revise  the  requirements  for  sample  con- 
tainers to  permit  the  use  of  perforated  or 
nonperforated  containers. 

To  accompany  these  changes  in  the  method 
of  test,  a  change  from  12  to  7  percent  should 
be  made  in  the  requirements  for  the  loss  in 
the  sodium  sulfate  soundness  test  given  in 
AASHO  Specification  M  80  or  ASTM  Speci- 
fication C  33  for  coarse  aggregate  for  concrete, 
A  similar  change  for  fine  aggregate  in  ASTM 
Specification  C  33  or  AASHO  Specification 
M  6  should  be  made,  increasing  the  allowable 
loss  from  10  to  13.5  percent. 

Discussion  of  Earlier  Tests 

The  first  mention  of  the  testing  of  graded 
coarse  aggregate  appeared  in  the  1931  Pro- 
ceedings of  the  American  Society  for  Testing 
Materials  as  Method  C  89-3  IT.'  This 
method  required  that  the  aggregate  be 
separated  and  tested  in  the  following  sizes: 

Minimum 
weight  of 
sample. 
Size  grams 

No.  4  (0.185  in.)  to  #  in 100 

%  in.  to  %  in 300 

%  in.  to  1>4  in 1,  500 

l/2  in.  to  2}'2  in -   3,000 

Larger  sizes  by  1-inch  spread.  3,  000 

The  reason  for  the  selection  of  these  sizes 
is  not  known,  but  it  appears  that  the  use  of 
the  so-called  fineness  modulus  sieves  was  con- 
sidered desirable.  However,  the  largest  size 
does  not  include  the  3-inch  sieve  as  used  in 
the  fineness  modulus  series  of  sieves.  It  is 
possible  that  a  difference  of  one  inch  bet  ••■ 
the  sizes  of  the  two  sieves  used  to  prepare  the 
test  sample  was  as  great  as  was  deemed 
advisable. 

Difficulties  in  obtaining  check  results  of 
soundness  tests  between  laboratories  or  even 
in  the  same  laboratory  were  the  general  rule. 
Possibly  in  an  at  tempt  to  correct  this,  the 
grading  of  the  sample  was  more  closely  de- 
fined in  AASHO  Method  T  104-42  and  ASTM 
Method  C  88-4 IT.     In  these  revised  methods, 

1  Methods  C  88  for  fine  aggregate  unci  C  89_for  coarse  :ig- 
KreKUte   were   combined   in    L937  and   identified  as   I     •■ 
YASHO  methods  T  75  and  T  76  for  the  sulfate  soundness 
test  of  fine  and  coarse  aggregates,  respectively,  were  com- 
bined in  1938  and  Identified  as  T  104. 
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the  same  sizes  of  coarse  aggregate  as  shown  in 
the  1931  ASTM  method  were  used,  but  each 
of  the  three  sizes  between  the  3/g-  and  2^-ineh 
sieves  was  separated  into  a  coarse  and  a  fine 
fraction,  and  these  fractions  recombined  in  a 
prescribed  ratio.  Some  of  the  minimum 
weights  for  sizes  tested  were  also  increased. 
The  requirements  for  the  composition  of  the 
sample  tested  are  shown  in  table  1. 

The  sizings  established  in  this  revision  did 
not  prove  satisfactory.  Many  aggregates  for 
concrete  did  not  contain  material  larger  than 
2  inches,  but  did  contain  enough  of  the  \\{-  to 
2-inch  size  to  require  that  this  size  be  tested. 
Considerable  confusion  developed  regarding 
the  sample  to  be  prepared  for  test.  Some 
laboratories  ignored  the  requirement  that  the 
sample  contain  some  2-  to  2'2-inch  material. 
Since  it  was  not  present  in  the  aggregate  as 
submitted,  it  could  not  be  tested.  These 
laboratories  then  tested  the  V/%-  to  2-inch  size. 
Other  laboratories  adhered  more  closely  to  the 
requirements  of  the  method,  and  did  not  test 
the  \y-i-  to  2-inch  size  if  there  was  no  aggregate 
larger  than  2  inches.  The  results  of  check 
tests  between  laboratories  were  not  in  good 
agreement  and  the  method  was  repeatedly 
condemned  as  unsatisfactory. 

Use  of  Alternate  Gradings 

To  alleviate  some  of  the  troubles  found,  a 
second  grading  for  the  preparation  of  the 
sample  was  added  to  the  method  in  1946  by 
both  the  AASHO  and  the  ASTM.  This 
grading,  described  as  Alternate  A,  required 
the  combination  of  sizes  shown  in  table  1. 

At  the  same  time,  a  third  grading  was 
adopted,  possibly  to  satisfy  criticism  of  the 
use  of  the  two  other  combinations  of  sizes. 
This  grading  was  identified  as  Alternate  B, 
and  required  use  of  the  sizes  and  weights  of 
sample  shown  in  table  1. 

All  three  of  the  gradings  for  the  test  sample 
are  now  equally  standardized  with  respect  to 
this  method  of  test,  and  confusion  may  develop 
if  one  is  designated  here  as  the  standard.  As 
two  of  the  gradings  are  now  described  as 
Alternates  A  and  B,  the  other  which  was  the 
first  grading  adopted  is  identified  here  as 
Grading  1. 


Table  1. — Requirements  for  sample  of  aggre- 
gate prepared  for  sulfate  soundness  test 


Size  of  fragment 


Inches 

No.  4-:'i 

%-Vi 

tt-Yi 

H-l 

l-i  H 

1V4-2 

2-2H 

Larger  than  specified  by  1- 
inch  spread 


Grad- 
ing 1 


Grams 
300 

[n,ooo 

['  1,  500 
[23, 000 

3,000 


Alter- 
nate 
A 


Grams 
I      300 

\<  1,  500 

1^3,000 

3,000 


Alter- 
nate 
B 


Gra  ms 

300 

500 

750 

1,000 

1,500 

2,  noo 


3,000 


1  33  percent  of  smaller  size  and  67  percent  of  larger  size. 

2  50  percent  of  each  size. 


sieves  used  in  different  laboratories  to  prepare 
the  test  sample,  and  will  not  require  an  exces- 
sively meticulous  separation  by  size  and 
minute  attention  to  particles  of  flat  or  elon- 
gated shape.  Secondly,  it  should  prevent 
the  accidental  inclusion  in  the  loss  of  pieces 
which  are  structurally  sound,  but  due  to 
handling  during  the  test,  may  suffer  minor 
flaking  or  chipping  of  corners  and  edges. 
At  the  completion  of  the  test,  these  pieces 
may  pass  the  initial  retaining  sieve  and  be 
included,  quite  incorrectly,  in  the  loss.  Fi- 
nally, the  material  passing  this  half-size  sieve 
would  be  material  which  had  suffered  mul- 
tiple cracking  or  disintegration.  It  would 
be  material  which  actually  was  unsound, 
instead  of  material  which  had  suffered  minor 
surface  damage  or  had  broken  along  incipient 
fractures  developed  in  the  crushing  and 
handling  of  the  aggregate  at  the  plant. 

Variation  in  Loss  Due  to  Testing 
Procedure 

The  method  of  test  for  coarse  aggregate  as 
now  written  permits  the  use  of  three  different 
gradings,  and  the  determination  of  the  loss 
by  either  of  two  methods.  If  a  sample  of 
certain  but  not  unusual  size  is  tested,  there 
may  be  some  doubt,  as  previously  mentioned, 
in  the  sizes  to  be  tested.  An  aggregate  of 
2-inch  to  No.  4  size,  containing  5  percent  or 
more  of  the  2- to  1^-inchsize,  would  be  included 
in  this  category.  If  it  is  desired  to  obtain 
the    maximum    information    of    the    quality 


of  the  sample,  many  laboratories  may  prepare 
the  test  material  in  accordance  with  Grading  1, 
using  presumably  a  3,000-gram  sample  of 
2-  to  lJ4-inch  aggregate.  A  summary  of  the 
test  samples  which  might  be  prepared  with 
this  material  is  given  in  table  2. 

It  is  quite  unusual  for  different  sizes  of  a 
sample  of  aggregate  to  have  the  same  or 
nearly  the  same  loss  in  the  sulfate  soundness 
test.  Consequently  samples  of  one  aggregate 
prepared  with  the  three  different  gradings 
may  have  markedly  different  losses.  The 
loss  as  determined  with  the  half-size  sieve  is 
only  in  rare  cases  of  the  same  order  of  magni- 
tude as  that  found  with  the  original  retaining 
sieve.  Acceptance  or  rejection  of  an  aggre- 
gate may  then  be  governed  by  the  grading 
used  in  the  test,  and  the  method  of  determining 
the  loss. 

An  illustration  of  this  is  presented  in  tables 
3-6.  The  values  given  in  table  3  were 
obtained  in  a  routine  test  of  a  sample  of 
gravel.  The  grading  of  the  sample  as  received 
conformed  to  AASHO  Specification  M  80-49 
for  coarse  aggregate.  This  grading  is  such 
that  the  sample  tested  may  be  prepared  to 
have  either  of  the  combinations  of  sizes 
described  here  as  Grading  1  and  Alternate  A, 
or  the  sample  may  be  tested  by  the  individual 
size  method  identified  as  Alternate  B. 

Alternate  B  grading 

The  sample  was  tested  by  the  individual 
size  method  (Alternate  B)  to  obtain  the  most 
information  regarding  its  quality.  At  the 
completion  of  the  fifth  immersion  period, 
the  sample  was  dried,  washed  free  of  the 
sulfate  salt,  again  dried,  and  each  separate 
size  sieved  to  determine  the  losses  given  in 
table  3.  An  average  loss  for  the  sample, 
weighted  with  respect  to  the  grading  of  the 
material  as  received,  was  then  computed 
from  the  losses  passing  the  original  retaining 
(full-size)  sieves,  and  from  the  losses  passing 
the  half-size  sieves.  These  values  are  given 
in  table  4.  Average  losses  were  also  com- 
puted as  if  the  sample  had  been  tested  using 
Grading  1,  or  using  the  Alternate  A  grading. 

Grading  1 

The  computation  of  the  average  weighted 
loss  for  Grading  1  is  shown  in  detail  in  table  5. 


Determination  of  Loss 

Provision  for  the  determination  of  the  loss 
by  either  of  two  methods  can  be  found  in  the 
1941  and  subsequent  revisions  of  the  sulfate 
soundness  test.  The  loss  may  be  measured 
as  the  material  passing  the  sieve  on  which 
the  sample  was  originally  retained,  or  the 
material  passing  a  sieve  having  openings  one- 
half  of  that  size.  The  initial  retaining  sieve 
considered  here  is  that  for  the  combination  of 
sizes  of  fragment  which  are  tested  together. 
In  Grading  1,  for  example,  the  original  re- 
taining sieve  for  the  %-  to  1-inch  and  the 
1-  to  1^-inch  sizes  would  be  the  %-inch  sieve, 
and  the  half-size  sieve  would  be  the  %-inch 
sieve. 

The  use  of  the  half-size  sieve  to  determine 
the  loss  in  the  test  has  three  excellent  features. 
It  should  permit  a  nominal  variation  between 


Table  2. — Requirements  for  sample  of  2-inch  to  No.  4  aggregate  prepared  for  sulfate 
soundness  test  (AASHO  Method  T  104-46) 


Size  of  fragment 

Grading  1 

Alternate  A 

Alternate  B 

Minimum 
weight 

Sieve  used 
for  loss  ' 

Minimum 
weight 

Sieve  used 
for  loss  ' 

Minimum 
weight 

Sieve  used 
for  loss  1 

Inches 

2-1H 

Grams 
3,000 

>    3i,500 

\    3  1,  000 
300 

Inches 

n 

% 

No.  4 

Grams 
\    =3,000 

[    3  1,500 

I       «300 

Inches 
1 

Vi 
No.  4 

Grams 
2,000 

1,500 

1,000 

750 

500 

300 

Inches 

m 

1 

H 

Vi 

H 

No.  4 

1H-1 

1-% 

Yi-Vi ._._ 

H-% 

5i-No.  4 

Total  minimum  weight,  . 

5,800 

4,800 

6,050 

'  A  sieve  having  an  opening  one-half  of  the  size  given  may 
be  used  as  an  alternate. 
2  50  percent  of  each  size. 


3  67  percent  of  larger  size  and  33  percent  of  smaller  size. 
*  Applies  to  ^-inch  to  No.  4  aggregate;  no  requirements 
given  for  sizes  separated  by  the  %-inch  sieve. 
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Table 

3.— Gra 

ding  of 

sample 

and  loss  in  sulfate  soundness  test 

Size  tested 

Grading 

as 
received 

Loss 

Amount  passing  sieve  after  test  as  a  percentage 
of  fraction  originally  retained  on  each  sieve 

IHjn. 

1  in. 

H  in. 

Hin. 

H  in. 

No.  3 

No.  4 

No.  8 

Inches 
2-U5 

Percent 
5 
21 
19 
17 
16 
22 

I '(TCI  III 

19.4 

Percent 
10.6 
11.8 

Percent 
4.8 
11.2 
17.2 

Percent 
2.3 
10.9 
12.0 
18.  1 

Percent 

9.5 
8.1 
13.1 
17.0 

Percent 

5.0 
8.9 
11.8 

Percent 

5.4 
8.8 
11.3 

Percent 

6.8 
7.0 

1H-1 

\-% 

M-H 

^-H— 

96-No.  4  _... 

This  grading  requires  that  the  \yz-  to  1-inch 
and  1-  to  %-inch  sizes  be  tested  together  as 
well  as  the  %-  to  K-inch  and  ]4-  to  %-inch  sizes. 
In  each  case,  the  tested  material  contains  67 
percent  of  the  larger  size  and  33  percent  of  the 
smaller  size.  The  original  retaining  sieve  for 
the  combination  of  the  V/v  to  1-inch  and  1-  to 
%-inch  sizes  is  considered  here  to  be  the 
%-inch  sieve,  and  a  half-size  sieve  would  be 
the  %-inch  sieve.  Similarity,  the  %-inch  and 
No.  4  sieves  are  considered  to  be  the  original 
retaining  and  half-size  sieves,  respectively,  for 
the  combination  of  the  %-  to  %-inch  and  }h-  to 
%-inch  sizes. 

The  effect  of  using  these  combined  sizes  can 
be  obtained  by  the  use  of  conversion  factors 
as  shown  in  table  5.  The  actual  loss  for  the 
W2-  to  1-inch  size  passing  the  %-inch  sieve  is 
multiplied  by  0.67  and  added  to  0.33  times  the 
actual  loss  for  the  1-  to  %-inch  size  passing 
the  same  sieve.  The  actual  losses  passing  the 
%-inch  sieve  for  the  %-  to  ^-inch,  and  }i-  to 
%-inch  sizes  are  similarly  combined.  The 
losses  for  these  combined  sizes  as  well  as  those 
for  the  two  sizes  which  were  not  combined, 
are  used  to  compute  the  weighted  average  loss. 

Alternate  A  grading 

Table  6  shows  the  computation  of  the 
weighted  average  for  the  sample  as  if  it  had 
been  tested  using  the  Alternate  A  grading. 
The  2-  to  1^-inch  and  1)4-  to  1-inch  sizes  are 
combined  in  equal  weights  for  testing,  but  the 
1-  to  %-inch  and  %-  to  J^-inch  sizes  are  corn- 


Table  4.— Computations  of  test  results  for 
sample  tested  with  Alternate  B  grading 


Size  tested  (inches) 


Actual 

loss 
(percent) 


Grading 
as  re- 
ceived 

(percent) 


Weighted 
average 

loss 
(percent.) 


Loss  Determined  LJsing  Full-Size  Sieves 


2-1H---- 
1*4-1-  — 

\-H 

M-JS— - 

Si-No.  4 


Total 


19.4 
11.8 
17.2 
18.1 
17.0 
11.3 


5 
21 
19 
17 
16 
22 


100 


0.97 
2.48 
3.27 
3.08 
2.72 
2.48 


15.0 


Loss  Determined  Using  Half-Size  Sieves 


2-1*4-.-- 
1*4-1.— 

l-H 

W-J4— - 

H-H-.~ 
Si-No.  4. 


Total. 


4.8 

5 

10.9 

21 

8.1 

19 

8.9 

17 

8.8 

16 

7.0 

22 

100 

0.24 
2.29 
1.54 
1.51 
1.41 
1.54 


bined  in  the  67-33  ratio.  In  the  table, 
appropriate  conversion  factors  are  used.  The 
Alternate  A  grading  does  not  show  any 
separation  of  the  VCinch  to  No.  4  size.  As 
this  size  was  separated  on  the  %-inch  sieve  and 
so  tested,  the  losses  for  the  %-  to  %-inch  and 
•>s-inch  to  No.  4  sizes  have  been  combined  in 


the  same  ratio  that  these  sizes  occurred  in  the 
original  sample. 

The  results  given  in  tables  4-6  are  sum- 
marized in  table  7.  If  the  sample  is  tested 
by  the  Grading  1  method  and  the  loss  con- 
sidered as  the  material  passing  the  initial 
retaining  sieve,  the  material  will  not  meet  the 
the  requirement  of  12  percent  given  in  ASTM 
Specification  C  33-52T  or  in  AASHO  Speci- 
fication M  80-51  for  coarse  aggregate  for 
Portland  cement  concrete.  If  the  sample  is 
tested  with  the  grading  given  in  the  specifica- 
tion as  Alternate  A,  the  loss  in  the  test  will 
meet  the  requirements  of  the  specification. 
Should  the  sample  be  tested  using  the  individ- 
ual sizes  permitted  under  Alternate  B,  it  would 
fail  to  meet  the  requirement  for  soundness. 
If  the  loss  is  determined,  as  permitted,  with 
half-size  sieves,  the  material  could  be  reported 
as   of   acceptable    quality.     Since    almost    all 


Table  5. — Computation  of  test  results  for  sample  te 

>>ted  with  Grading 

1 

Size  tested 
Inches 

Actual 

loss 

Pel. 

Conversion 
factor 

Converted 

values  for 
loss 

Pet. 

Loss  for 
specified 

combina- 
tions of 
sizes 

Pel. 

Grading 

as 
received 

Pet. 

Weighted 

average 

loss 

Pet. 

Loss  Determined  Using  Full-Size  Sieves 

2-1*4 

19.4 
11.2 
17.2 
13.1 
17.0 
11.3 

1.00 

.67 
.33 
.67 
.33 
1.00 

19.4 

7.5 
."..  . 
8.8 
5.6 
11.3 

19.4 
\      13. 2 

J       14.4 
11.3 

5 

40 

33 

22 

0.97 
5.28 

4.75 
2.49 

1*4-1 

1-94 

Si-*4 

*4-?i~- 

Si-No. 4 

Total 

100 

13.5 

Loss  Determined  Using  Half-Size  Sieves 

2-1*4 

4.8 
9.5 
8.1 
5.4 
8.8 
7.0 

1.00 
.67 
.33 
.07 
.33 

1.00 

4.8 
6.4 
2.7 
3.6 
2.9 
7.0 

4.8 

}        « 

}        6.5 
7.0 

5 

40 

33 

22 

0.24 
3.64 

2.14 
1.54 

1*4-1 

l-Si 

S4-*4 

*4-Si ---      - 

Si-No.  4 

Total 

100 

7.6 

Table  6. — Computations  of  test  results  for  sample  tested  with  Alternate  A  grading 


Size  tested 


Inches 


Actual 
loss 


Percent 


Conversion 
factor 


Converted 

values  for 

loss 


Percent 


Loss  for 
specified 
combina- 
tions of 


Percent 


Grading 

as 
received 

Percent 


Weighted 

average 

loss 


Percent 


Loss  Determined  Using  Full-Size  Sieves 


2-1*4 

1*4-1 

1-H 

M-JS-.— 

*4-S4 

S4-No~.4~ 


Total. 


10.6 

0.50 

11.8 

.50 

12.0 

.67 

18.1 

.33 

8.8 

'.42 

11.3 

1.58 

5.3 
5.9 
8.0 
6.0 
3.7 
6.5 


11.2 
14.0 
10.2 


26 
36 
38 


2.91 
5.04 

3.87 


100 


11.8 


Loss  Determined  Using  Half-Size  Sieves 


2-1*4 

1*4-1 

l-H 

M-*4 

*4-S4 

Si-No.  4. 


Total. 


2.3 
10.9 
5.0 
8.9 
6.8 
7.0 


0.50 
.50 
.67 
.33 
'.42 
'.58 


1.2 
5.4 
3.4 
2.9 
2.9 
4.1 


6.6 
6.3 
7.0 


26 
36 
38 


100 


1.72 

2.27 
2.66 


6.7 
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i  Relative  amounts  of  these  sizes  to  be  used  are  not  shown  in  the  method  of  test.     Conversion  factors  used  are  based  on 
amount  of  each  size  in  material  as  received. 
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Table  7. — Summary  of  test  results  for 
samples  tested  with  three  methods  of 
grading 


Method 

Loss  with 
full-size 

Loss  with 

half-size 

sieve 

fn  cent 
13.5 
11.8 
15.0 

Percent 
7.6 
6.7 
8.5 

specifications  for  aggregate  fail  to  mention 
which  procedure  of  those  available  shall  be 
used,  it  is  possible  that  the  acceptance  or 
rejection  of  a  given  sample  may  depend  en- 
tirely on  which  one  of  the  six  standard 
methods  of  test  has  been  used. 

Soundness  Questionnaire 

Reports  of  cooperative  tests  made  using 
the  1946  revision  of  the  method  indicated  that 
different  laboratories  failed  to  obtain  a 
reasonable  agreement  in  the  results  of  tests 
on  the  same  material.  In  an  effort  to  deter- 
mine the  cause  for  this,  Subcommittee  Ill-e 
of  Committee  C-9,  ASTM,  sent  a  question- 
naire covering  the  sulfate  soundness  test  to 
all  laboratories  known  to  use  the  test.  The 
questionnaire  covered  in  detail  the  apparatus 
used  and  the  procedures  followed  by  each 
laboratory.  About  50  laboratories  returned 
the  questionnaire.  Of  these  only  three  stated 
that  all  details  of  the  method  were  followed 
exactly.  Many  laboratories  indicated  de- 
partures from  the  requirements  of  the  speci- 
fications in  matters  which  were  considered 
immaterial.  Others  showed  variations  which 
admittedly  could  influence  the  test  result  but 
which  were  necessitated  by  one  reason  or 
another  including  shortage  of  help  in  the 
laboratory.  In  some  respects,  the  inference 
could  be  drawn  from  replies  to  the  question- 
naire that  some  requirements  of  the  method 
were  too  strict,  or  were  unnecessary,  and  that 
the  operator  would  conform  to  these  only 
under  protest. 

The  questionnaire  furnished  information 
concerning  necessary  or  desirable  changes  in 
the  requirements  for  the  method.  It  was  dis- 
closed that  many  laboratories  use  pans  instead 
of  perforated  containers  for  holding  the  test 
samples.  Although  the  use  of  pans  is  no1 
permitted  in  the  present  method,  the  only  ad- 
vantage of  the  use  of  perforated  containers  is 
that  the  sample  can  be  drained  more  thor- 
oughly and  dried  more  rapidly.  If  labora- 
tories have  found  that  samples  stored  in  pans 
can  be  brought  to  oven  dryness  in  a  suitable 
time,  and  it  is  presumed  that  this  is  so,  the 
requirements  of  the  method  should  be  changed 
to  accept  this  established  practice.  A  test 
for  the  rate  of  evaporation  of  the  drying  ovens 
\\  as  suggested  by  the  writer  and  furnished 
some  surprising  results.  The  present  speci- 
fications require  that  the  oven  "shall  provide 
a  free  circulation  of  air  through  the  oven  and 
shall  be  capable  of  maintaining  a  temperature 
of  105  to  110°  C."  The  quesl  ionnaire  requested 
that  a  1,000  ml.  beaker  containing  500  grams 
of  water  at  70°  F.  be  placed  in  the  oven  with 
a  group  of  test  samples  to  be  dried,  and  thai 
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the  amount  of  water  evaporated  in  a  given 
time  be  determined. 
Evaporation  rate  of  ovens 

Information  regarding  the  rate  of  evapora- 
tion of  the  oven  was  furnished  by  38  labora- 
tories. The  values  reported  were  reduced  to 
grams  of  water  evaporated  per  hour,  and  plot- 
ted in  figure  1  as  a  frequency  distribution 
curve.  The  average  rate  was  about  28  grams 
per  hour  under  the  established  conditions. 
The  maximum  and  minimum  rates  were  61.5 
and  1.5  grams  per  hour.  Twenty  percent  of 
the  ovens  had  a  rate  of  22  grams  per  hour  or 
less,  and  an  equal  number  had  a  rate  of  45 
grams  per  hour  or  more.  Of  11  ovens  of  the 
mechanical  convection  type,  8  were  reported 
to  have  an  evaporation  rate  of  28  grams  per 
hour  or  more. 

Significant  differences  were  found  between 
the  work  done  by  the  various  ovens  on  the 
basis  of  the  evaporation  rate  and  the  reported 
time  normally  used  for  the  drying  cycle.  The 
computed  values  for  the  total  amount  of  water 
evaporated,  assuming  the  rate  remained  con- 
stant, varied  from  16  to  1,080  grams.  Only 
33  laboratories  furnished  definite  statements 
of  the  time  normally  used  during  the  drying 
cycle,  and  the  ovens  involved  are  rated  as 
follows : 

Nam- 
Grams  of  water  evaporated  her  of 
during  drying  cycle  ovens 

Less  than  50 1 

50-100 4 

100-150 10 

150-200 3 

200-300 8 

300-400 3 

Over400 4 

It  is  entirely  possible  that  some  of  the  infor- 
mation from  which  these  values  were  com- 
puted  was   reported   incorrectly.     If  so,    the 


100 


great  differences  shown  between  ovens  may 
be  reduced.  There  were,  however,  sufficient 
differences  in  the  rate  of  evaporation  of  the 
various  ovens  to  warrant  including  in  the 
method,  requirements  for  the  performance  of 
the  oven.  A  suitable  revision  of  the  require- 
ments for  the  oven  follows.  The  values  in- 
cluded are  based  on  the  performance  of  the 
ovens  reported  in  the  questionnaire,  and  may 
need  some  revision  when  a  larger  number  of 
ovens  are  studied. 

The  oven  shall  be  capable  of  being 
heated  continuously  between  105  and 
110°  C.  (221  and  230°  F.)  and  the 
rate  of  evaporation  of  water  shall 
be  at  least  25  grams  per  hour. 
This  rate  shall  be  determined  by 
the  loss  of  water  from  1-liter,  Grif- 
fin low  form  beakers,  each  con- 
taining 500  grams  of  water  at  70° 
F.,  placed  at  each  corner  and  the 
center  of  each  shelf  of  the  preheated 
oven,  and  heated  for  at  least  4  hours 
during  which  period  the  doors  of  the 
oven  shall  be  kept  closed.  The  rate 
of  evaporation  shall  be  determined 
from  the  average  loss  for  all  beakers. 

Consideration  had  been  given  to  the  exclu- 
sive use  of  magnesium  sulfate  in  this  method 
because  the  solubility  of  this  salt  is  much  less 
variable  with  change  in  temperature  than  that 
of  the  sodium  salt.  With  the  smaller  varia- 
tion in  solubility,  a  saturated  solution  of  the 
magnesium  salt  could  more  readily  be  main- 
tained, and  duplication  of  test  results  should 
be  more  certain.  In  the  replies  to  the  ques- 
tionnaire, it  was  found  that  of  33  laboratories 
which  used  the  method  regularly,  21  used 
sodium  sulfate  exclusively  or  as  an  alternate 
with  the  magnesium  salt.  The  fact  that 
almost  two-thirds  of  the  reporting  laboratories 
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Figure  1. — Rate  of  evaporation  of  38  ovens  used  in  accelerated  soundness  test. 
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used  sodium  sulfate  makes  it  inadvisable  to 
consider  its  elimination  at  this  time. 

Basis  for  rejection  of  aggregate 

Replies- to  the  questionnaire  were  received 
from  23  laboratories  which  regularly  make  the 
test  on  concrete  aggregates  proposed  for  use 
in  construction  financed  by  public  funds. 
Eleven  of  these  laboratories  stated  that  ma- 
terial is  rejected  on  the  basis  of  the  sulfate 
soundness  test.  The  other  12  stated  that  ma- 
terial is  not  so  rejected,  but  that  the  results 
of  freezing  and  thawing  or  other  tests,  with 
or  without  service  records,  are  considered. 
The  use  of  the  sulfate  soundness  test  for  the 
arbitrary  rejection  of  aggregate  is  considered 
a  highly  questionable  practice.  Experience 
has  shown  that  materials  which  have  a  low 
loss  in  the  test  generally  have  adequate  re- 
sistance to  frost  action.  It  has  also  been 
shown  that  many  materials  having  a  high  loss 
in  the  sulfate  soundness  test  may  not  resist 
freezing  and  thawing,  but  this  is  not  true  of 
all  materials. 

A  low  loss  in  the  soundness  test  can  be 
associated  with  resistance  to  weathering  with 
more  assurance  than  a  high  loss  and  lack  of 
resistance  to  weathering.  As  an  example,  a 
sample  of  sandstone  had  a  loss  of  64  percent 
in  a  five-cycle  sodium  sulfate  test.  Another 
portion  of  the  same  sample  showed  a  loss  of 
only  2  percent  when  frozen  and  thawed  50 
times  in  water.  None  of  the  fragments 
cracked  or  broke  in  freezing,  and  some  or  all 
of  the  loss  may  have  been  due  to  handling. 
As  the  stone  in  question  is  widely  used  for 
building  with  satisfactory  results,  it  must  be 
concluded  that  the  results  of  the  sulfate 
soundness  test  were  quite  misleading  in  this 
case. 

It  is  considered  highly  advisable  to  add  to 
the  method  a  definite  statement  of  the  applica- 
bility of  the  test  result.  A  suitable  revision 
of  the  "Scope"  of  the  method  could  be  made 
by  the  insertion  of  one  sentence  (given  in 
italic)  to  have  the  text  read  as  follows: 


Sulfate  solution 

A  number  of  replies  to  the  questionnaire 
called  attention  to  two  other  items  which 
unquestionably  have  a  marked  effect  on  the 
test  result.  These  are  the  preparation  and 
maintenance  of  the  sulfate  solution.  The 
method  requires  that  a  saturated  solution  of 
the  salt  be  prepared,  and  gives  quite  detailed 
instructions  regarding  the  procedure  to  be 
followed.  This  does  not  appear  to  be  a 
formidable  undertaking,  nor  does  it  appear 
difficult  to  maintain  that  solution  in  its 
saturated  condition  provided  the  temperature 
of  the  solution  can  be  controlled  within  the 
specified  limits  of  68  to  72°  F. 

Comment  was  made  that  the  present 
requirements  in  the  method  call  for  an  exces- 
sive amount  of  the  sulfate.  Use  of  the 
amount  indicated  was  found  to  furnish  a  solid 
crystalline  mass  of  the  sulfate  in  the  container 
for  the  saturated  solution.  As  the  solid 
crystal  does  not  enter  solution  readily,  it  is 
quite  possible  for  the  liquid  in  the  container 
to  become  less  than  saturated  even  in  the 
presence  of  this  crystalline  mass.  The 
method  of  test  now  requires  that  the  solution 
shall  be  stirred  thoroughly  immediately 
before  use.  It  is  doubted  that  this  will  cause 
material  from  the  crystalline  mass  to  enter 
solution  unless  the  mass  is  broken  to  fine  size. 
Consequently  it  is  recommended  that  the 
method  be  revised  to  require  breaking  of  the 
mass  prior  to  agitation.  The  addition  of  a 
suitable  statement  to  the  note  concerning  the 
amount  of  salt  to  be  used  appears  desirable. 

Half-Size  Sieves  and  the  Reverse 
Cycle 

The  use  of  a  sieve  having  openings  one- 
half  the  size  of  those  in  the  sieve  used  to 
prepare  the  sample  has  already  been  men- 
tioned. The  loss  through  the  half-size  sieve 
should  be  a  better  indication  of  the  sound- 
ness of  a  material  than  that  passing  the  initial 
retaining  sieve.  When  the  latter  sieve  is 
used,   some  otherwise  sound  fragments   may 


pass  the  sieve  due  to  minor  chipping  or 
breaking  of  corners  or  edges.  Although  I 
chips  would  probably  pass  a  half-size  sieve, 
any  considerable  amount  of  material  passing 
this  sieve  would  be  truly  unsound,  having 
suffered  multiple  cracking  or  marked  dis- 
integration. With  elimination  of  the  acci- 
dental inclusion  of  sound  fragments  in  the 
loss,  more  concordant  results  between  labo- 
ratories should  be  obtained. 

In  the  present  method,  the  sample  is  im- 
mersed in  the  sulfate  solution  for  l(i  to  18 
hours,  and  then  dried  to  constant  weight. 
Most  laboratories  endeavor  to  maintain  a 
24-hour  cycle,  and  limit  the  drying  period 
to  5  to  7  hours.  As  it  has  been  shown  that 
this  period  of  drying  may  not  be  sufficient 
to  dry  the  sample  thoroughly,  consideration 
was  given  to  the  use  of  a  reverse  cycle  method. 
In  this,  the  sample  was  immersed  in  the  sul- 
fate solution  for  about  6  hours,  and  dried  in 
the  oven  for  16  to  17  hours.  Previous  work 
had  indicated  that  coarse  aggregate  would 
absorb  as  much  watei  in  6  hours  as  it  would 
in  24  hours,  and  that  a  drying  period  of  the 
length  shown  would  dry  soundness  samples 
even  in  ovens  with  a  relatively  low  rate  of 
evaporation.  As  thorough  drying  of  the 
sample  is  necessary  for  the  maximum  crystal- 
lization of  the  sulfate  salt,  it  was  believed 
that  the  most  effective  results  and  the  desired 
24-hour  cycle  could  be  obtained  with  the 
reverse  cycle  method. 

Tests  of  coarse  aggregate  were  made  to  de- 
termine whether  the  use  of  half-size  sieves  or 
the  reverse  cycle  would  furnish  more  con- 
cordant results.  Nine  samples  of  stone  of 
high  to  low  loss  were  selected  to  determine 
the  suitability  of  the  procedures  mentioned 
above.  Each  sample  was  crushed  and  screened 
to  the  \\{-  to  1-inch  size.  Six  test  samples 
were  prepared  from  each  stone  to  make  a 
total  of  54  samples  tested.  Three  samples  of 
each  material  were  subjected  to  five  repeti- 
tions of  the  standard  cycle  consisting  of  an 
immersion  period  of  17  hours  and  a  drying 
period  of  6  hours.     An  equal  number  of  sam- 


This  method  covers  the  procedure 
to  be  followed  in  testing  aggregates 
to  determine  their  resistance  to  dis- 
integration by  saturated  solutions 
of  sodium  sulfate  or  magnesium 
sulfate.  It  furnishes  information 
helpful  in  judging  the  soundness  of 
aggregates  subject  to  weathering 
action,  particularly  when  adequate 
information  is  not  available  from 
service  records  of  the  material  ex- 
posed to  actual  weathering  condi- 
tions. Generally  the  results  of  this 
test  should  not  be  used  to  reject 
materials,  but  aggregates  having  a  low 
loss  in  this  test  can  confidently  be 
assumed  to  be  resistant  to  the  effects  of 
freezing  and  thawing.  Attention  is 
called  to  the  fact  that  test  results 
by  the  use  of  the  two  salts  differ 
considerably  and  care  must  be  exer- 
cised in  fixing  proper  limits  in  any 
specifications  which  may  include 
requirements  for  these  tests. 


Table  8.— Tests  by  standard  and  reverse  cycle  methods  on  l1/^-  to  1-inch  stone 


Sample 

Loss  passing 

full-size  sieve 

Loss  passing  half-size  sieve 

number 

Test  1 

Test  2 

Test  3 

Average 

Test  1 

Test  2 

Test  3 

Average 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Standard  Cvcli: 

89805 

45.0 

39.2 

45.0 

43.3 

20.5 

16.9 

15.9 

17.8 

89812 

19.9 

32.4 

8.1 

20.1 

8.7 

11.  t; 

3.0 

7.8 

89813 

17.2 

19.5 

33.3 

23.3 

6.8 

5.6 

6.9 

89889 

8.0 

6.2 

2.0 

5.4 

4.5 

4.5 

1.4 

3.5 

89890 

74.0 

84.2 

77.2 

78.5 

51.7 

55.6 

57.5 

64.9 

89892 

10.1 

4.2 

4.1 

6.1 

3.9 

1.5 

3.6 

3.0 

89916 

13.4 

6.0 

14.1 

11.2 

3.8 

.5 

4.8 

3.0 

89918 

14.2 

7.0 

32.7 

18.0 

6.5 

2.1 

10.5 

8.4 

89920 

40.2 

37.5 

36.7 

38.1 

7.1 

8.8 

12.6 

9.5 

Reverse  Cycle 

89805 

41.9 

28.7 

56.4 

42.3 

17.3 

9.3 

23.2 

lfi.6 

89812 

7.3 

15.1 

4.0 

8.8 

2.3 

5.3 

2.0 

3.2 

89813 

12.5 

17.7 

22.2 

17.5 

5.4 

6.4 

9.8 

7  -' 

89889 

2.8 

4.3 

4.6 

3.  9 

2.8 

2.6 

4.1 

:i  • 

89890 

85.3 

53.4 

94.5 

77.7 

55.1 

34.  0 

68.9 

52.9 

89892 

12.7 

6.1 

12.9 

10.0 

;>.  4 

3  6 

1.7 

4.6 

89916 

.8 

6.5 

8.6 

5.  3 

.1 

1.9 

2.2 

1.  4 

89918 

19.  6 

11.0 

14.  5 

15.0 

9.8 

6.3 

6.2 

7   1 

89920 

18.5 

8.8 

19.2 

15.5 

4.9 

.3 

5.5 
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Table  9. — Average  values  ami  mean  devia- 
tions from  average  values  for  tests  by 
standard  and  reverse  cycle  methods 


Method 

Sieve  used 
to  determine 

loss 

Average 
loss,  all 
samples 

Mean 
deviation 
from  av- 
erage loss 

Standard  cycle. .. 
Do      -- - 

Full-size 

Half-size 

Full-size 

Half-size 

Percent 
27.1 
12.8 
21.8 
11.1 

Percent 
28.2 
31.5 
2(1.  7 
33.0 

Reverse  cycle 

Do     -- 

pies  were  subjected  to  the  reverse  cycle  with 
an  immersion  period  of  6  hours  and  a  drying 
period  of  17  hours.  At  the  completion  of  the 
fifth  cycle,  each  sample  was  washed,  dried, 
and  sieved  to  refusal  on  the  1-  and  }£-inch 
sieves.  The  results  obtained  are  shown  in 
table  8. 
Variation  in  test  results 

It  will  be  observed  that  some  test  results 
differ  to  a  marked  extent  from  companion 
results  for  the  same  material.  This  is  found 
in  tests  by  each  method.  Computation  of  a 
mean  deviation  from  the  average  for  all  results 
obtained  by  each  method  of  treatment  and 
each  method  of  determining  the  loss  furnished 
very  nearly  the  same  value  for  each  of  the 
four  groups  of  results.  This  indicates  that 
nonuniformity  of  the  materials  tested  prob- 
ably is  responsible  for  the  variations  found  in 
some  of  the  test  results.  It  is  believed  that 
the  effect  of  the  wild  results  will  be  cancelled 
out  if  all  results  obtained  by  each  of  the  four 


methods  of  test  are  considered,  and  that  com- 
parisons between  average  values  for  each 
method  are  valid.  These  average  values  as 
well  as  values  for  mean  deviations  from  the 
average  are  shown  in  table  9. 

It  was  expected  that  the  reverse  cycle  would 
insure  more  thorough  drying  of  the  samples 
than  would  be  obtained  with  the  standard 
method.  Due  to  this,  it  was  believed  that 
the  reverse  cycle  would  furnish  a  greater  loss 
for  each  material  with  more  uniform  results 
from  sample  to  sample.  These  were  not  ob- 
tained because  the  oven  used  had  a  sufficient 
rate  of  evaporation  to  dry  the  samples  in  the 
6-hour  period  provided  in  the  standard  method. 

Several  matters  of  interest  are  found  in  the 
results  obtained  in  these  tests.  The  smaller 
losses  for  the  reverse  cycle  method  indicate 
that  insufficient  time  was  allowed  for  either 
the  absorption  of  the  sulfate  solution  or  the 
crystallization  of  the  salt,  or  both.  The 
better  agreement  between  the  average  losses 
determined  with  the  half-size  sieve  than  those 
for  the  full-size  sieve  indicates  that  with  re- 
duction in  size  of  the  fragment  tested,  the 
time  allowed  in  the  reverse  cycle  for  absorp- 
tion or  crystallization   becomes  less  critical. 

Absorption  rate  of  sulfate  solution 

These  results  are  further  interpreted  to  in- 
dicate that  the  factor  controlling  the  loss  in  the 
reverse  cycle  is  the  time  for  absorption  of  the 
sulfate  solution.  The  rate  of  crystallization 
would  be  the  same  irrespective  of  the  method 
used,  but  the  rate  of  absorption  would  vary 
inversely  with  the  size  of  fragment. 


The  rate  of  absorption  of  the  sulfate  solu- 
tion may  also  be  affected  if  the  mouth  of  the 
capillary  tube  or  crack  in  the  fragment  is 
plugged  by  the  sulfate  salt.  The  salt  carried 
into  the  rock  during  each  immersion  period 
tends  to  be  drawn  toward  the  surface  of  the 
rock  during  the  drying  period  and  forms  a 
deposit  at  or  near  the  surface.  During  sub- 
sequent immersion  periods,  the  solution  must 
pass  this  plug.  As  the  solution  is  saturated, 
the  plug  of  salt  cannot  be  dissolved  but  must 
be  softened  until  the  solution  can  push  past 
or  around  it.  Considerable  time  probably  is 
required  for  this  and  the  6-hour  immersion 
period  in  the  reverse  cycle  may  be  insufficient 
to  permit  complete  saturation  of  the  larger 
sizes  of  coarse  aggregate. 

It  is  believed  that  with  the  adoption  of  re- 
quirements for  the  oven  used  in  this  method 
of  test,  samples  may  be  dried  in  a  period  of  6 
hours  and  use  of  a  reverse  cycle  will  be  un- 
necessary. The  use  of  the  half-size  sieve  in 
the  determination  of  the  loss  of  samples  of 
coarse  aggregate  is  recommended. 

Size  of  Sample 

Coarse  aggregate 

For  a  coarse  aggregate  graded  from  2  inches 
to  the  No.  4  sieve,  the  present  method  requires 
a  test  sample  weighing  at  least  4,800  to 
6,050  grams,  depending  upon  the  grading 
chosen  for  the  material  tested.  This  material 
is  separated  into  3  to  6  portions  also  depending 
on  the  grading  to  be  used.     If  several  samoles 
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Figure  2.— Comparison  of  losses  for  coarse  aggregate. 
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Figure  3. — Comparison  of  losses  for  fine  aggregate. 


are  tested  simultaneously,  the  total  amount  of 
material  under  test  and  the  number  of  con- 
tainers used  may  tax  the  facilities  of  the 
laboratory.  In  laboratories  with  limited  per- 
sonnel, it  has  been  observed  that  there  is  a 
marked  tendency  for  reduction  in  the  amount 
of  material  tested. 

Although  this  reduction  may  have  little  or 
no  effect  on  materials  of  uniform  composition, 
it  might  tend  to  prevent  reliable  test  results 
on  nonhomogeneous  materials.  To  deter- 
mine whether  any  change  could  be  made  in 
the  method  which  would  permit  the  use  of  a 
smaller  sample  and  reduce  the  labor  and 
attention  required,  the  results  of  tests  of  over 
250  samples  were  studied.  These  samples 
had  been  tested  in  the  laboratory  of  the 
Bureau  of  Public  Roads  during  the  period 
1945-53. 

Most  of  the  samples  of  coarse  aggregate  had 
a  maximum  size  of  1}£  or  2  inches,  and  most 
had  been  tested  by  individual  size  of  fragment, 


the  Alternate  B  method.  The  results  were 
studied  to  determine  whether  the  number  of 
sizes  of  aggregate  could  be  reduced  and  still 
obtain  a  loss  approximating  that  for  all  sizes 
tested.  Comparison  of  the  averages  for  the 
entire  group  of  samples  indicated  that  the 
loss  for  the  Mi-  to  %-inch  size  agreed  closely 
with  the  loss  for  all  sizes  tested.  From  these 
data,  it  would  appear  that  a  good  knowledge 
of  the  soundness  of  a  material  may  be  obtained 
by  test  of  the  Ms-  to  %-inch  size  alone.  As  a 
test  of  this  size  would  require  a  test  sample 
weighing  only  500  grams,  a  great  reduction 
in  the  weight  of  material  and  number  of 
samples  tested  would  result. 

Losses  through  both  the  full-size  and  half- 
size  sieves  had  been  determined  for  about  150 
of  the  samples  tested  by  the  Alternate  B 
method.  To  determine  the  effect  on  the 
specification  requirement  of  a  desirable  change 
in  the  method  of  testing,  figure  2  was  prepared 
from    data    regarding    these    samples.     This 


shows  a  comparison  between  the  weighted 
average  loss  through  the  original  retaining 
sieve  of  samples  of  \)'2-  or  2-inch  maximum 
size  coarse  aggregate  when  tested  as  required 
for  Grading  1,  and  the  loss  of  }i-  to  %-inch 
aggregate  passing  a  half-size  sieve.  Samples 
which  had  a  weighted  average  loss  of  less  than 
2  percent  were  not  plotted,  nor  were  several 
samples  with  quite  high  losses. 

ASTM  Specification  C  33  and  AASHO 
Specification  M  80  permit  the  acceptance  of 
coarse  aggregate  for  concrete  having  a  loss  in 
the  sodium  sulfate  soundness  test  of  12  per- 
cent. As  both  specifications  are  silent  re- 
garding the  method  for  determining  this  loss, 
the  method  considered  here  is  that  involving 
the  use  of  Grading  1  with  the  loss  passing  the 
original  retaining  or  full-size  sieve.  Figure  2 
shows  that  material  of  the  quality  indicated 
will  have  a  loss  of  7  percent  passing  the  half- 
size  (No.  4)  sieve  when  tested  as  M>-  to  %- 
inch  material.  It  is  believed  that  sufficienl 
data  have  been  presented  to  insure  the  reli- 
ability of  this  conversion  in  specification 
requirements. 

Fine  aggregate 

A  different  problem  was  found  in  connection 
with  the  most  desirable  method  for  testing 
fine  aggregate,  especially  natural  sand.  \- 
a  general  rule,  the  loss  of  natural  sand  in  a 
soundness  test  varies  directly  with  the  size  of 
the  sand  grain.  As  the  size  of  grain  is  reduced, 
the  percentage  of  single  grains  of  quartz  in- 
creases, and  these  grains  have  very  little  loss 
in  a  soundness  test.  It  is  believed  that  the 
testing  for  soundness  of  fine  grains  of  natural 
sand  is  largely  wasted  effort,  and  that  a  large 
loss  found  in  tests  of  such  material  probably 
resulted  from  accidental  loss  of  some  of  the 
sample. 

However,  an  adequate  knowledge  of  the 
soundness  of  fine  aggregate  can  be  obtained 
by  test  of  a  single  size  of  grain.  The  selection 
of  the  size  tested  must  be  based  on  the  avail- 
ability of  that  size  in  sand  as  customarily  used, 
and  on  the  occurrence  in  that  size  of  the  more 
unsound  grains.  It  is  believed  that  the  No.  8 
to  No.  16  size  best  meets  these  requirements. 
Although  a  coarser  size  may  contain  more  un- 
sound grains,  many  sands  have  very  little 
material  retained  on  the  No.  8  sieve,  and  the 
use  of  this  coarser  size  cannot  be  considered. 

A  comparison  between  the  average  loss 
weighted  with  respect  to  the  grading  of  the 
sample  as  required  by  the  present  method  of 
test  and  the  loss  for  the  No.  8  to  No.  16  size, 
is  shown  in  figure  3.  The  loss  in  each  case 
was  determined  from  material  passing  the 
original  retaining  sieve.  Approximately  125 
samples  of  sand  are  represented.  The  loss  for 
the  single  size  is  slightly  greater  than  the 
weighted  average  for  all  sizes.  A  sand  having 
an  average  loss  for  all  sizes  of  10  percent  would 
have  a  loss  of  about  13.5  percent  for  the  No.  8 
to  No.  16  size.  Established  specification 
limits  for  fine  aggregate  can  readily  be  revised 
to  make  provision  for  this  difference. 
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Annual  Report  of  the  Bureau  of  Public  Roads,  Fiscal  Year  1955 


The  Annual  Report  of  the  Bureau  of  Public 
Roach  for  fiscal  year  1955  is  now  available 
from  the  Superintendent  of  Documents,  U.  S. 
( tovernment  Printing  Office,  Washington  25, 
1).  C,  at  25  cents  a  copy. 

Reflecting  the  prime  significance  of  highway 
transport,  the  report  covers  a  wide  range  of 
engineering,  administrative,  and  research 
activities  in  this  field.  It  discusses  all  phases 
of  the  Federal-aid  construction  program, 
which  reached  new  high  levels  in  1955.  In- 
cluded are  significant  improvements  on  the 
National  System  of  Interstate  Highways  as 
well  as  developments  on  other  primary  and 
urban  highways  and  farm-to-market  roads. 

To  accelerate  the  highway  improvement 
program,  the  Federal-aid  authorization  of 
$875  million  for  the  fiscal  year  1956  was 
apportioned  to  the  States  on  July  1,  1954, 
6  months  ahead  of  the  time  limit  set  by  Con- 
gress. 

During  the  fiscal  year,  $671  million  of  Fed- 
eral funds  were  used  in  the  construction  of 
22,155  miles  of  highways  with  a  total  cost  of 
$1,280  million.  Included  were  6,050  miles  of 
highways  and  1,202  bridges  on  the  Federal-aid 


primary  system  outside  of  cities,  842  miles  of 
highways  and  465  bridges  on  urban  portions 
of  the  primary  system,  14,692  miles  of  roads 
and  1,764  bridges  on  secondary  roads,  and  571 
miles  of  highways  in  National  parks,  forests, 
parkways,  and  on  flood-relief  projects.  Rail- 
way-highway grade  crossings  were  eliminated 
at  216  locations,  and  317  crossings  were  pro- 
tected by  installation  of  appropriate  safety 
devices. 

A  number  of  outstanding  Federal-aid  proj- 
ects are  described  in  the  report,  wnich  also 
reviews  factors  affecting  progress,  new  high- 
way legislation,  foreign  activities  including 
improvements  on  the  Inter-American  High- 
way, and  work  in  the  field  of  traffic  safety. 

Urban  problems  received  particular  atten- 
tion. As  the  report  shows,  in  the  selecting  of 
city  projects  for  Federal  aid  every  effort  was 
made  to  eliminate  traffic  bottlenecks  by  con- 
struction that  provided  greater  traffic  capac- 
ity. Expressways  were  under  construction  in 
more  than  100  cities.  Construction  of  circum- 
ferential routes  near  the  outskirts  of  metro- 
politan areas  was  started  in  Boston,  Louis- 
ville, Baltimore,  and  other  centers.     This  will 


permit  a  free  exchange  of  traffic  between 
radial  routes  without  passing  through  the 
more  congested  areas.  Great  stress  was  laid 
on  the  need  for  full  control  of  access  on  all 
arterial  highways. 

Four  special  reports  were  submitted  to 
Congress  by  the  Bureau,  among  them  the 
most  comprehensive  study  of  highway  needs 
ever  undertaken.  This  report,  prepared  in 
cooperation  with  the  State  highway  depart- 
ments, showed  that  the  cost  of  construction 
required  to  modernize  the  Nation's  roads  and 
streets  in  a  period  of  10  years  would  be  $101 
billion. 

In  the  field  of  research,  the  annual  report 
covers  Bureau  studies  of  highway  finance, 
highway  transport,  and  the  array  of  physical 
problems  that  are  associated  with  highway 
construction. 

Reviewing  other  significant  developments, 
the  report  points  out  that  the  record  amount 
of  highway  construction  during  the  year  was 
overshadowed  in  the  public  mind  by  the  need 
for  a  much  greater  volume  of  highway  im- 
provements to  reduce  congestion,  accidents, 
and  delays. 


The  Identification  of  Rock  Types 


To  meet  popular  demand,  a  convenient 
6  x  9-inch  reprint  has  again  been  made  of  the 
article  The  Identification  of  Rock  Types,  by 
D.  O.  Woolf,  which  appeared  in  Public 
Roads,    vol.    26,    No.    2,    June    1950.     The 


article  presents  a  simple  method  for  use  by 
the  highway  engineer  in  making  field  identifi- 
cation of  the  different  types  of  rock  with 
which  he  is  concerned.  It  is  extremely  useful 
to  engineers,  engineering  students,  and  others 


whose  work  requires  a  limited,  practical  knowl- 
edge of  geology.  The  reprint  is  for  sale  by 
the  Superintendent  of  Documents,  U.  S. 
Government  Printing  Office,  Washington  25, 
D.  C,  at  15  cents  a  copy. 


278 


February  1956  •  PUBLIC  ROADS 


U.  S.  GOVERNMENT  PRINTING    OFFICE!  1956 


A  list  of  the  more  important  articles  in  Public 
Roads  may  be  obtained  upon  request  addressed 
to  Bureau  of  Public  Roads,  Washington  25,  D.  C. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


The  following  publications  are  sold  by  the  Superintendent 
of  Documents.  Government  Printing  Office,  Washington  25, 
D.  C.  Ortlers  should  be  sent  direct  to  the  Superintendent  of 
Documents.     Prepayment  is  required. 


ANNUAL  REPORTS 

Work  of  the  Public  Roads  Administration: 

1941,  15  cents.  1948,  20  cents. 

1942,  10  cents.  1949,  25  cents. 
Public  Roads  Administration  Annual  Reports: 

1943;  1944;  1945;  1946;  1947. 

{Free  from  Bureau  of  Public  Roads) 
Annual  Reports  of  the  Bureau  of  Public  Roads: 

1950,  25  cent,-.  1952,  25  cents.  1954   (out  of  print). 

1951,  35  cents.  1953,  25  cents.  1955,  25  cents. 

PUBLICATIONS 

Bibliography  of  Highway  Planning  Reports  (1950).     30  cents. 

Braking  Performance  of  Motor  Vehicles  (1954).     55  cents. 

Construction  of  Private  Driveways,  No.  272MP  (1937).      15  cents 

Criteria  for  Prestressed  Concrete  Bridges  (1954).      15  cents. 

Design  Capacity  Charts  for  Signalized  Street  and  Highway  Inter- 
sections  (reprint   from    Public   Roads,   Feb.    1951).      25  cents. 

Electrical  Equipment  on  Movable  Bridges,  No.  265T  (1931).  40 
cents. 

Factual  Discussion  of  .Motortruck  Operation,  Regulation,  and 
Taxation  (1951).     30  cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  ('(in- 
struction (1948).     Out  of  print. 

Financing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments:  1931-41,  45  cents;  1942-51,  75  cents. 

General  Location  of  the  National  System  of  Interstate  Highways, 
Including  All  Additional  Routes  at  Urban  Areas  Designated  in 
September  1955.     55  cents. 

Highway  Bond  Calculations  (1936).      10  cents. 

Highway  Bridge  Location  Xo.  1486D  (1927).      15  cents. 

Highway  Capacity  Manual  (1950).     Si. 00. 

Highway  Needs  of  the  National  Defense,  House  Document  No. 
249(1949).     50  cents. 

Highway  Practice  in  the  United  Slates  of  America  (1949).  75 
cents. 

Highway  Statistics  (annual): 

1945  (out  of  print).        1948,  65  cents.  1951,  00  cents. 

1946,  50  cents.  1949,  55  cents.  1952,  75  cents. 

1947,  45  cents.  1950  (out  of  print).       1953,  $1.00. 
Highway  Statistics,  Summary  to  1945.     40  cents. 
Highways  in  the  United  States,  nontechnical  (1954).     20  cents. 
Highways  of  History  (1939).     25  cents. 

Identification  of  Rock  Types  (reprint  from  Public  Roads,  June 
1950).      15  cents. 

Interregional  Highways,  House  Document  No.  379  (1944).  75 
cents. 

Legal  Aspects  of  Controlling  Highway  Access  (1945).     15  cents. 

Local  Rural  Road  Problem  (1950).      20  cents. 

Manual  on  Uniform  Traffic  Control  Devices  for  Street-  and  High- 
ways (1948)  (including  1954  revisions  supplement) .     $1.00. 
Revisions  to  the  Manual  on  Uniform  Traffic  Control  Devices 
for  Streets  and  Highways  (1954).      Separate,  15  cents. 

Mathematical  Theory  of  Vibration  in  Suspension  Bridges  (1950). 
$1.25. 

Model  Traffic  Ordinance  (revised  1953).     Out  of  print. 


PUBLICATIONS  (Continued) 

Needs  of  the  Highway  Systems,   1955  84,   House  Document  No 

120(1955).      15  cents. 
Opportunities  in  the  Bureau  of  Public  Roads  for  Young  Engineers 

(.1955).      25  cents. 
Principles  of  Highway  Construction  as  Applied  to  Airports,  Flight 

Strips,  and  Other  Landing  Areas  for  Aircraft   (1913).      $2.00. 
Progress  and   Feasibility  of  Toll  Loads  and  Their  Relation  to  the 

Federal-Aid   Program,    House    Document    No.    139     1955).      15 

cents. 
Public  Control  of  Highway   Access  and    Roadside   Development 

M947).      35  cent-. 
Public  Land  Acquisition  for  Highway  Purposes  (1913-.     in  cents 
Public   Utility    Relocation    Incident    to    Highway    Improvement, 

House  Document   No.  127  (1955).      25  cents. 
Results   of   Physical    Tests   of    Road-Building    Aggregate    (1953). 

$1.00. 
Roadside  Improvement,  Xo.  191MP  (1934).      10  cents. 
Selected  Bibliography  on  Highway  Finance  (1951).     60  cents. 
Specifications  for  Construct  i if  Roads  and  Bridges  in  National 

Forests  and  National  Parks,  FP-41  (1948).      $1.50. 
Standard    Plan-    for    Highway     Bridge    Superstructures       1953 

$1.25. 
Taxation  of  Motor  Vehicles  in  1932.     35  cents. 
Tire   Wear  and  Tire   Failures  on  Various   Road  Surfaces     1943). 

10  cents. 
Transition  Curves  for  Highways  (1940).      $1.75. 

MAPS 

State  Transportation  Ma])  series  (available  for  31)  State.,,  re- 
form sheets  26  by  36  inches,  scale  1  inch  equals  4  miles.  Shows 
in  colors  Federal-aid  and  Slate  highways  with  surface  types, 
principal  connecting  roads,  railroads,  airports,  waterways, 
National  and  State  forests,  parks,  and  other  reservations. 
Prices  and  number  of  sheets  for  each  State  vary  see  Superin- 
tendent of  Documents  price  list  53. 

United  States  System  of  Numbered  Highways  together  with  the 
Federal-Aid    Highway    System    (also   shows    in    color    National 
forests,  parks,  and  other  reservations) .     5  l>\  7  feet  (in2shee 
scale  l  inch  equals  37    miles.     $1.25. 

United  States  System  of  Numbered  Highways.     28  by   12  inc 
scale  1  inch  equals  78  miles.     20  cents. 


Single  copies  of  the  following  publications  arc  available  to 
highway  engineers  and  administrators  for  official  use.  and 
may  be  obtained  by  tbose  so  qualified  upon  request  addressed 
to  the  liureau  of  Public  Roads.  They  arc  not  sold  by  the 
Superintendent  of  Documents. 

Bibliography  on  Automobile  Parking  in  the  United  State-  (1946). 

Bibliography  <m  Highway  Lighting  i  1937 

Bibliography  on  Highway  Safety  (1938). 

Bibliography  on  Land  Acquisition  for  Public  Roads  (194 

Bibliography  on  Roadside  Control  (1949). 

Express   Highways  in  the   United  States:  a   Bibliography   (1945 

Indexes  to  PUBLIC    Roads,  volumes  17    19  and  23. 

Title  Sheets  fur  Pi  blii     be  mis,  volume-  2  1  27. 
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DEPARTMENT  OF  COMMERCE  -  BUREAU  OF  PUBLIC   ROADS 

STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 

AS  OF  DECEMBER  31,    1955 
(Thousand  Dollars) 


FOR  OFFICIAL  DISTRIBUTION 


UNPROG  RAMMED 
BALANCES 


ACTIVE     PROGRAM 


PROGRAMMED  ONLY 


CONSTRUCTION  LNDl-.R  WAY 


Alabama 
Arizona 
Arkansas 


California 
Colorado 
Connecticut 


Delaware 

Florida 

.Georgia 


$11,324 
3,937 


11,007 
17,617 

22,659. 


$20>141 
9,386 
9.878 


6,006 
11,003 
23.503 


33,812 

7,489 

1.760 

2,079 

13,096 

24.29^ 


$11,126 
6,957 

5,271 


18,537 
4,158 
_985_ 


356.3 
171.2 

3U.5 


1,055 
7,031 
12,591 


201.6 

90.1 
5*2 


$7,579 
2,476 
4,375 


9.6 
219.5 
434.2 


25,025 
2,827 
366 


$4,024 
1,896 
2,172 


13,016 
1,701 
182 


59.8 
38.4 
45.0 


1,607 

16,626 

9,441 


828 
8,675 
4.316 


23.9 

25.8 

.2. 


$35,759 
9,016 
20,962 


131,906 
13,662 
8.261 


$18,696 

6,587 

10,601 


447.7 
118.9 
414.0 


29.1 
76.3 
68.6 


4,113 
29,561 
39.108 


67,462 

7,338 

4,107 

2,06l 

15,070 

18.520 


276.5 
148.3 

12.  h 


$63,479 
20,878 
3?  ,21? 


21.7 
307.1 
697.2 


190,743 
23,978 
10.387 


$33,846 
15,440 
18,044 


7,799 
59,283 


99,015 
13,197 
_..1i?I4_ 


3,944 
30,776 
35,427 


863.8 
328.5 
770,5 


502.0 

264.2 

17.9 


60.4 
602.9 
1,200.0 


Idaho 

Illinois 
Indiana 


8,298 
21,136 
31,106 


4,482 
54,038 
16.294 


2,965 

29,365 

8.349 


61.5 

498.3 

71.4 


2,920 
15,460 
18,223 


2,070 

8,326 

10.148 


44.8 
31.7 
95.3 


11,980 
82,503 

36,002 


7,716 
44,397 
19,244 


155.2 

466.6 
80.4 


19,382 

152,001 

70.519 


46,764 
42,007 
47,393. 


12,751 
82,088 
37,741 


261.5 

996.6 
247.1 


Iowa 

Kansas 

Kentucky 


14,289 
13,781 
15,335 


20,000 
11,176 
4,738 


11,326 
5,865 
,  2,452 


517.9 
628.1 

19.0 


8,245 
7,874 
-6,273 


4,253 
4,159 
3,862 


118.9 

130.5 

13.4 


18,519 
22,957 

36,382 


9,858 
11,744 
18,773 


825.7 
870.1 
601.2 


25,437 
21,768 
25*087 


1,462.5 

1,628.7 

633.6 


Louisiana 
Maine 

Maryland 


13,547 

7,993 
8,740 


11,163 

7,688 

23,603 


5,582 

4,124 

12,065 


108.0 
55.9 
58.8 


4,214 
650 
8,437 


2,107 
286 
4,144 


12.9 
1.4 
8.1 


45,793 
10,048 
15,900 


21,777 
5,151 
8,435 


513.4 
68.0 
64.5 


61,170 
18,386 
47.940 


29,466 

9,561 

24,644 


^34.3 
125.3 
131.4 


Massachusetts 

Michigan 

Minnesota 


13,658 
17,090 
15,437 


23,663 
40,530 

18,907- 


12,501 

2d,976 

9,537 


32.9 
481.4 
576.1 


7,578 
23,625 
2,369- 


3,767 
13,183 

1.627 


6.5 

100.7 

-  73.2 


46,669 
43,310 
26,795 


22,429 
21,516 
14,253 


55.0 
321.1 

476.3 


77,910 

107,465 

48,091 


38,697 
55,675 
25.417 


94.4 
903.2 

1,125.6 


Mississippi 

Missouri 

Montana 


Nebraska 

Nevada 

New  Hampshii 


New  Jersey 
New  Mexico 
New  York 


North  Carolina 
North  Dakota 
Ohio 


COMK-BC-1^7l6 


14,633 

8,787 

-17,042 


14,904 
11,852 
6,978 


11,102 
34,082 
9,572 


26,099 
9,441 


-55*352- 


19,328 
4,610 
2,572 


5,450 

17,421 

5,697 


390.9 
1,020.4 
172*2 


17,343 
8,503 
^8* 


9,741 
4,188 


37,956- 


10,152 

3,898 

_  1,294   . 


853.0 

75.0 

_l6*0_ 


1,998 
7,835 
-M74- 


1,074 

4,075 

-2,822 


39.9 
24.3* 
91.6 


22,894 
12,357 


4,339 
2,643 


19*566_ 


53.4 
50.8 
60.5 


7,725 
5* 


11,381 

6,249 

_2X 


4,715 

3,187 


39,369 


3,579 

1,437 

-25X 


89.5„ 

30.9* 

2-6 


5,809 
3,705 


2,354 

2,028 

20*236- 


26.004 

"75",  604 

_   22,913 

22,900 

4,452 

7,311 


13,449 
39,716 
14,391 


5.3V 
57.2 


83.5 


28,596 
.#3,442. 


'213*384 


12,308 
3,790 
3,782 


611.4 
1,256.8 
387.8 


39,104 

117,521 

37,359 


13,324 

6,251 

98.504- 


719.1 
88.4 
45.9 


43.2 
181.7 
255.7 


49,953 
10,780 
10,397- 


19,973 
61,212 
23.110 


43,052 

16,817 

290,709 


26,039 
9,125 

3,333 


20,017 

10,922 

138,306 


1,042.2 

2,301.5 

651.6 


1,661.6 
194.3 

64. 5 


101.9 
289.7 
JS9..7. 


761,446 


766,185 


408,263 


12,702.7 


455,201 


242,371 


2,711.5 


1,681,716 


860,196 


16,317.1 


2,903,102 


1,510,830 


31,731.3 
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